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Abstractȱ
Previousȱworksȱhaveȱestablishedȱsynonymityȱbetweenȱtheȱnotionsȱofȱ
uncertaintyȱandȱunreliability,ȱexploitingȱthisȱinȱderivingȱmarginalȱvaluationsȱ
ofȱtravelȱtimeȱandȱschedulingȱunderȱuncertainty.ȱȱWhilstȱvalidȱforȱforecastingȱ
demand,ȱsuchȱvaluationsȱfailȱtoȱilluminateȱtheȱcostsȱofȱbearingȱunreliabilityȱȬȱ
hereinȱreferredȱtoȱasȱtheȱreliabilityȱpremium.ȱȱTheȱpaperȱderivesȱmarginalȱ
valuationsȱofȱtravelȱtimeȱandȱschedulingȱatȱtheȱcertaintyȱequivalent,ȱshowingȱ
theseȱtoȱdivergeȱfromȱthoseȱunderȱuncertainty.ȱȱThatȱdivergence,ȱwhichȱ
representsȱtheȱmarginalȱvaluationȱofȱreliability,ȱraisesȱtheȱpossibilityȱofȱbiasȱ
shouldȱtheȱcostsȱofȱunreliabilityȱnotȱbeȱincludedȱinȱappraisal.ȱ
ȱȱ
 1
ȱKeywordsȱ
ȱ
Reliability,ȱValuation,ȱExpectedȱUtility,ȱRiskȱAversion,ȱRiskȱPremiumȱ
ȱ
 2
1.ȱIntroductionȱ
ȱ
Althoughȱaȱpreciseȱunderstandingȱhasȱoftenȱseemedȱelusive,ȱitȱisȱwidelyȱ
acceptedȱthatȱtheȱreliabilityȱofȱtransportȱsystemsȱmayȱimpactȱuponȱtheȱchoicesȱ
ofȱtravellers.ȱȱPreviousȱresearchȱhasȱilluminatedȱseveralȱfacetsȱofȱthisȱ
proposition,ȱbutȱoftenȱwithoutȱtheȱauthorityȱofȱcomprehensiveȱevidenceȱonȱ
theȱvalueȱofȱreliabilityȱtoȱtravellers.ȱȱThatȱsuchȱevidenceȱisȱlackingȱcanȱperhaps,ȱ
inȱturn,ȱbeȱattributedȱtoȱtheȱdifficultyȱofȱformulatingȱaȱresearchȱapparatusȱthatȱ
carriesȱtheoreticalȱvalidity,ȱisȱinsightful,ȱbutȱremainsȱpracticable.ȱȱTheseȱ
aspirationsȱareȱtheȱconcernȱofȱtheȱpresentȱpaper.ȱȱȱ
ȱ
TheȱtaskȱofȱreviewingȱrelevantȱliteratureȱisȱwellȬservedȱbyȱtheȱrecentȱ
contributionsȱofȱNolandȱandȱPolakȱ(2002)ȱandȱDeȱJongȱetȱal.ȱ(2004),ȱandȱitȱ
wouldȱseemȱunnecessaryȱtoȱofferȱfurtherȱcommentaryȱinȱthisȱregard.ȱȱSufficeȱ
toȱsay,ȱDeȱJongȱetȱal.ȱdistinguishȱbetweenȱthreeȱapproachesȱtoȱtheȱvaluationȱofȱ
reliability,ȱspecifically:ȱI)ȱmeanȱvs.ȱvarianceȱofȱtheȱtravelȱtimeȱdistribution,ȱII)ȱ
percentilesȱofȱtheȱtravelȱtimeȱdistribution,ȱandȱIII)ȱschedulingȱmodels.ȱȱTheȱ
presentȱpaperȱexploitsȱtheȱthirdȱapproachȱinȱparticular,ȱwhichȱisȱfoundedȱonȱ
theȱhypothesisȱthatȱtravellersȱmayȱaccommodateȱexpectationsȱofȱunreliabilityȱ
throughȱtheirȱtripȱscheduling.ȱȱȱ
ȱ
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Inȱtheȱanalysisȱofȱtripȱscheduling,ȱSmallsȱ(1982)ȱapproachȱhasȱreceivedȱ
considerableȱsupport.ȱȱSmallȱextendsȱtheȱmicroeconomicȱtheoryȱofȱtimeȱ
allocationȱ(Becker,ȱ1965;ȱDeȱSerpa,ȱ1971),ȱsupplementingȱtheȱusualȱobjectiveȱ
problemȱofȱutilityȱmaximisationȱsubjectȱtoȱmoneyȱandȱtimeȱconstraintsȱwithȱaȱ
tripȱschedulingȱconstraintȱderivingȱfromȱVickreyȱ(1969).ȱȱImplicitȱinȱSmallsȱ
approach,ȱhowever,ȱisȱtheȱassumptionȱthatȱschedulingȱchoicesȱareȱmadeȱ
underȱcertainty,ȱandȱthisȱwouldȱseemȱtoȱimposeȱconsiderableȱrestrictionȱonȱitsȱ
applicability.ȱȱTheȱusualȱaccommodationȱofȱuncertaintyȱȬȱatȱleastȱinȱtermsȱofȱ
microeconomicȱtheoryȱȬȱisȱtoȱreformulateȱtheȱobjectiveȱproblemȱfromȱtheȱ
maximisationȱofȱutilityȱtoȱoneȱofȱmaximisingȱexpectedȱutility,ȱasȱfirstȱ
proposedȱbyȱvonȱNeumannȱ&ȱMorgensternȱ(1947).ȱȱTheȱlatterȱisȱindeedȱ
exploitedȱbyȱNolandȱ&ȱSmallȱ(1995),ȱwhoȱestablishȱmergerȱbetweenȱtheȱworksȱ
ofȱvonȱNeumannȱ&ȱMorgensternȱandȱSmall.ȱ
ȱ
Twoȱparticular,ȱbutȱrelated,ȱpropertiesȱofȱNolandȱ&ȱSmallsȱanalysisȱmightȱbeȱ
noted.ȱȱFirst,ȱbothȱtheȱchoiceȱ(i.e.ȱdepartureȱtime)ȱandȱpayȬoffȱ(i.e.ȱarrivalȱtime)ȱ
dimensionsȱareȱrepresentedȱcontinuously;ȱthisȱcarriesȱtheȱattractionȱofȱ
permittingȱeasyȱcalculationȱofȱtheȱoptimalȱdepartureȱtime.ȱȱSecond,ȱinterestȱisȱ
restrictedȱtoȱtheȱmorningȱcommuteȱofȱcarȱtravellers.ȱȱContinuityȱinȱdepartureȱ
timeȱwouldȱappearȱmoreȱreasonableȱforȱcarȱtravellersȱthanȱforȱusersȱofȱpublicȱ
transportȱservices,ȱsinceȱtheȱlatterȱareȱtypicallyȱconstrainedȱbyȱfixedȱserviceȱ
intervals.ȱȱBatesȱetȱal.ȱ(2001)ȱdevelopȱNolandȱ&ȱSmallȱfurther,ȱfirstȱconsideringȱ
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itsȱamenabilityȱtoȱpublicȱtransportȱusers,ȱandȱthenȱapplyingȱtheȱanalysisȱtoȱanȱ
interestȱinȱmarginalȱvaluationsȱofȱtravelȱtimeȱandȱschedulingȱunderȱ
uncertainty.ȱȱTheseȱmarginalȱvaluationsȱderiveȱfromȱchoicesȱbetweenȱtwoȱ
publicȱtransportȱservices,ȱwhereinȱeachȱserviceȱoffersȱaȱrangeȱofȱdepartureȱ
times,ȱandȱtheȱconsequentȱarrivalȱtimesȱareȱcharacterisedȱbyȱuncertainty.ȱ
ȱ
TheȱpresentȱpaperȱfollowsȱtheȱbasicȱthesisȱofȱNolandȱ&ȱSmallȱandȱBatesȱetȱal.,ȱ
butȱpursuesȱaȱnumberȱofȱextensions.ȱȱTimeȱisȱrepresentedȱasȱaȱdiscreteȱ
variableȱinȱbothȱdepartureȱandȱarrivalȱdimensions.ȱȱNotȱonlyȱisȱthisȱmoreȱ
faithfulȱtoȱvonȱNeumannȱ&ȱMorgensternȱ(1947),ȱbutȱitȱpermitsȱreadyȱ
accommodationȱofȱpublicȱtransportȱusers.ȱȱTheȱdiscreteȱrepresentation,ȱ
furthermore,ȱisȱamenableȱtoȱoneȱofȱtheȱprincipalȱanalyticalȱtoolsȱofȱtravelȱ
demandȱanalysis,ȱnamelyȱtheȱRandomȱUtilityȱModelȱ(RUM).ȱȱAsideȱfromȱthisȱ
presentationalȱdistinction,ȱtheȱsubstantiveȱcontributionȱofȱtheȱpaperȱisȱtoȱ
applyȱtheȱworkingsȱofȱNolandȱ&ȱSmallȱandȱBatesȱetȱal.ȱtoȱanȱinterestȱinȱ
travellersȱattitudesȱtoȱrisk.ȱȱSpecifically,ȱtheȱpaperȱreconcilesȱtheȱtransportȱ
plannersȱnotionȱofȱunreliabilityȱwithȱtheȱmicroeconomistsȱnotionȱofȱriskȱ(e.g.ȱ
Pratt,ȱ1964;ȱArrow,ȱ1970),ȱandȱinȱsoȱdoingȱrevealsȱtheȱtreatmentȱofȱriskȱwithinȱ
marginalȱvaluationsȱofȱtravelȱtimeȱandȱschedulingȱunderȱuncertainty.ȱȱThisȱ
provokesȱtheȱpropositionȱofȱaȱfurtherȱmetricȱforȱvaluingȱreliability,ȱreferredȱtoȱ
asȱtheȱreliabilityȱpremium.ȱȱTheȱreliabilityȱpremium,ȱwhichȱisȱdrawnȱfromȱ
analogyȱwithȱPrattsȱriskȱpremium,ȱisolatesȱthoseȱcostsȱarisingȱspecificallyȱ
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fromȱunreliabilityȱand,ȱequivalently,ȱtheȱbenefitsȱthatȱwouldȱtranspireȱshouldȱ
unreliabilityȱbeȱeliminated.ȱȱTheȱpaperȱexploitsȱtheȱreliabilityȱpremiumȱinȱ
derivingȱaȱfurtherȱsetȱofȱmarginalȱvaluationsȱofȱtravelȱtimeȱandȱscheduling,ȱ
thisȱtimeȱatȱtheȱcertaintyȱequivalent.ȱȱTheȱlatterȱvaluationsȱareȱthenȱcomparedȱ
withȱthoseȱderivedȱunderȱuncertainty,ȱanȱexerciseȱthatȱservesȱtoȱyieldȱ
marginalȱvaluationsȱofȱreliabilityȱperȱse.ȱȱTheȱpaperȱconsidersȱtheȱrelevanceȱofȱ
marginalȱvaluationsȱofȱreliabilityȱforȱbothȱforecastingȱandȱeconomicȱappraisal.ȱȱ
ȱ
ȱ
2.ȱTheoryȱofȱindividualȱchoiceȱunderȱuncertaintyȱȱ
ȱ
Microeconomicȱtheoryȱofȱindividualȱchoiceȱunderȱuncertaintyȱisȱfoundedȱonȱ
theȱpropositionȱthatȱthereȱexistsȱsomeȱrelationȱbetweenȱanȱindividualsȱchoicesȱ
underȱriskȱorȱuncertaintyȱandȱaȱdistributionȱofȱoutcomes.ȱȱThisȱhasȱbeenȱ
exploitedȱinȱtheȱreliabilityȱliterature;ȱinȱtheȱpresentȱpaperȱweȱshallȱexamineȱ
theȱparticularȱpropositionȱthatȱtravellersȱchooseȱaȱtimeȱofȱdepartureȱonȱtheȱ
basisȱofȱaȱdistributionȱofȱtheȱconsequentȱarrivalȱtimes.ȱȱTheȱinterpretationȱofȱ
theȱprobabilityȱdistributionȱhasȱbeenȱtheȱsourceȱofȱsomeȱcontentionȱinȱtheȱ
microeconomicȱliterature,ȱsinceȱitȱisȱembroiledȱwithȱtheȱdichotomyȱbetweenȱ
riskȱandȱuncertainty.ȱȱKeynesȱ(1921,ȱ1936)ȱandȱKnightȱ(1921)ȱareȱhelpfulȱinȱthisȱ
regard,ȱcharacterisingȱriskȱasȱsituationsȱwhereȱprobabilitiesȱofȱoutcomesȱareȱ
knownȱ(orȱknowable),ȱandȱuncertaintyȱasȱsituationsȱwhereȱsuchȱprobabilitiesȱ
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mayȱbeȱneitherȱknowableȱnorȱdefinable.ȱȱThoughȱitȱoffersȱanȱappealingȱclarity,ȱ
itȱwouldȱnotȱseemȱcrucialȱtoȱtheȱsubsequentȱanalysisȱthatȱoneȱcommitsȱtoȱthisȱ
orȱanyȱotherȱtypology.ȱȱRatherȱtheȱtermsȱriskȱandȱuncertaintyȱwill,ȱinȱwhatȱ
follows,ȱbeȱusedȱinterchangeablyȱwithoutȱimplication.ȱ
ȱ
Moreȱcentralȱtoȱourȱinterestȱisȱtheȱpreciseȱnatureȱofȱtheȱrelationȱbetweenȱanȱ
individualsȱchoicesȱunderȱuncertaintyȱandȱtheȱdistributionȱofȱoutcomes;ȱthisȱ
mayȱbeȱformalisedȱinȱtheȱfollowingȱterms:ȱȱȱ
ȱ
Letȱ E ȱbeȱaȱfiniteȱandȱexhaustiveȱsetȱofȱmutuallyȱexclusiveȱevents:ȱ
ȱ
^ `KeeE ,...,1 ȱ
ȱ
Letȱ E ȱbeȱassociatedȱwithȱaȱvectorȱ ,ȱwhichȱisȱreferredȱtoȱasȱaȱprospect,ȱandȱ
givesȱtheȱprobabilityȱ ȱthatȱeachȱeventȱ
w
kp Eek  ȱwillȱoccur,ȱtogetherȱwithȱtheȱ
payȬoffȱ ȱtoȱtheȱindividualȱshouldȱthatȱeventȱindeedȱoccur,ȱthus:ȱȱȱkw
ȱ
 KK ppww ,...,;,..., 11 w ȱ
ȱ
Followingȱtheȱusualȱrulesȱofȱprobability,ȱitȱisȱnecessarilyȱtheȱcaseȱthatȱ
,ȱimplyingȱthatȱ¦
 
 
K
k
kp
1
1 10 dd kp ȱforȱ Kk ,...,1 .ȱȱȱ
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ȱLetȱ ȱbeȱaȱfiniteȱandȱexhaustiveȱsetȱofȱsuchȱprospects,ȱfromȱwhichȱtheȱ
individualȱisȱinvitedȱtoȱchooseȱhisȱorȱherȱpreferredȱprospect:ȱȱ
S
ȱ
^ `NS ww ,...,1 ȱ
ȱ
TheȱseminalȱexpositionȱofȱvonȱNeumannȱ&ȱMorgensternȱ(1947)ȱestablishedȱaȱ
setȱofȱnecessaryȱandȱsufficientȱaxiomsȱonȱtheȱaboveȱdefinitionsȱsuchȱthatȱanȱ
individualȱcouldȱbeȱrepresentedȱasȱifȱchoosingȱtheȱprospectȱ ȱthatȱyieldsȱ
maximumȱexpectedȱutility.ȱȱTheseȱaxiomsȱhaveȱsubsequentlyȱbeenȱadaptedȱinȱ
variousȱways;ȱofȱparticularȱnoteȱinȱthisȱregardȱareȱtheȱcontributionsȱofȱ
Marschakȱ(1950),ȱHersteinȱandȱMilnorȱ(1953)ȱandȱFishburnȱ(1970).ȱȱInȱwhatȱ
follows,ȱhowever,ȱweȱremainȱfaithfulȱtoȱtheȱoriginalȱexposition,ȱwhichȱ
providesȱaȱbasisȱforȱtheȱfollowingȱproposition:ȱȱȱ
Sn w
ȱ
Forȱanyȱpairȱofȱprospectsȱ Srq ww , :ȱȱ
ȱ
rq ww  ȱiffȱ    rq YY ww t ȱ
ȱ
whereȱ ȱisȱtheȱexpectedȱutilityȱofȱprospectȱ ,ȱandȱisȱitselfȱgivenȱby:ȱ nY w  nw
ȱ
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¦
 
 
K
k
knknn wUpY
1
w  ȱforȱallȱ Sn w ȱȱȱ ȱ ȱ ȱ ȱ (1)ȱ
ȱ ȱ ȱ ȱ ȱ ȱ
whereȱ ȱisȱtheȱutilityȱderivingȱfromȱpayȬoffȱ .ȱ knwU  knw
ȱ
Havingȱsummarisedȱtheȱtheory,ȱletȱusȱconcludeȱthisȱsectionȱwithȱdiscussionȱofȱ
severalȱissuesȱthatȱfollow.ȱȱAȱfirstȱpointȱtoȱmakeȱisȱthatȱvonȱNeumannȱ&ȱ
Morgensternsȱ(1947)ȱaxiomsȱareȱnotȱsufficientȱtoȱsupportȱaȱcontinuousȱ
representationȱofȱtheȱpayȬoffȱdimension,ȱasȱadoptedȱbyȱNolandȱ&ȱSmallȱ(1995)ȱ
andȱBatesȱetȱal.ȱ(2001),ȱforȱwhichȱtheȱexpectationsȱoperationȱinȱ(1)ȱwouldȱ
requireȱintegration.ȱȱAȱcontinuousȱrepresentationȱisȱinȱfactȱfeasible,ȱbutȱmustȱ
beȱsupportedȱbyȱaȱsetȱofȱaxiomsȱthatȱdivergesȱfromȱvonȱNeumannȱ&ȱ
Morgensterns;ȱseeȱFishburnȱ(1970)ȱforȱfurtherȱinstruction.ȱ
ȱ
Aȱsecondȱpointȱisȱthatȱaȱdiscreteȱrepresentationȱofȱtheȱchoiceȱdimensionȱ
promotesȱreadyȱapplicationȱtoȱRUM,ȱasȱdemonstratedȱbyȱMarschakȱetȱal.ȱ
(1963).ȱȱThisȱcontrastsȱwithȱtheȱinherentlyȱambiguousȱprocessȱofȱdiscretisingȱ
aȱcontinuousȱdimensionȱ(e.g.ȱJotisankasaȱetȱal.,ȱ2004).ȱȱInȱexploitingȱMarschakȱ
etȱal.sȱdemonstration,ȱitȱisȱusefulȱtoȱarticulateȱtheirȱbasisȱforȱadoptingȱaȱ
probabilisticȱrepresentation,ȱwhichȱisȱasȱfollows.ȱȱConsiderȱanȱindividualȱ
facedȱwithȱaȱrepeatedȱchoiceȱtaskȱunderȱuncertainty.ȱȱOnȱanyȱgivenȱrepetitionȱ
ofȱtheȱchoiceȱtask,ȱheȱorȱsheȱisȱableȱtoȱorderȱaȱsetȱofȱprospectsȱinȱtermsȱofȱ
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expectedȱutility,ȱbutȱonȱsuccessiveȱrepetitionsȱthisȱorderingȱmayȱshowȱ
variability.ȱȱMoreȱformally,ȱtheȱprobabilityȱofȱchoosingȱanyȱprospectȱ ȱ
canȱbeȱexpressedȱasȱRUM,ȱsuchȱthat:ȱ
Sq w
ȱ
     ^ `rqq YYSP www t Pr ȱforȱallȱ rqSr z ,w ȱȱȱ ȱ ȱ (2)ȱ
ȱ
Aȱthirdȱpointȱconcernsȱtheȱcomparabilityȱofȱexpectedȱutilityȱ  nY w ȱacrossȱtheȱ
prospectsȱ .ȱȱBaumolȱ(1958)ȱdismissesȱtheȱconventionalȱwisdomȱthatȱ
choiceȱunderȱuncertaintyȱpermitsȱtheȱmutationȱofȱutilityȱfromȱanȱordinalȱ
metricȱtoȱaȱcardinalȱone;ȱthatȱisȱtoȱsayȱ(1)ȱreliesȱindeedȱonȱtheȱpropositionȱthatȱ
ȱisȱcardinal,ȱbutȱthisȱdoesȱnotȱdistractȱfromȱtheȱrequirementȱthatȱ ȱ
isȱanȱentirelyȱordinalȱconstruct.ȱȱMoreover,ȱthereȱisȱnoȱbasisȱforȱinterpretingȱ
differencesȱinȱexpectedȱutilityȱ(orȱanyȱratioȱthereof)ȱacrossȱprospects.ȱȱWhilstȱ
theȱdefinitionȱofȱRUMȱ(2)ȱadheresȱtoȱthisȱrequirement,ȱitȱisȱimportantȱtoȱ
ensureȱthatȱapplicationsȱofȱRUMȱtoȱforecastingȱorȱappraisalȱdoȱnotȱ
inadvertentlyȱstrayȱintoȱcardinality.ȱȱTheȱlatterȱpossibilityȱisȱconsideredȱbyȱ
Batleyȱ(2006),ȱwhoȱdemonstratesȱthatȱlogȱsumȱmeasurementsȱofȱconsumerȱ
surplusȱderivedȱfromȱRUMȱcarryȱanȱinferenceȱofȱcardinality.ȱ
Sn w
 knwU   nY w
ȱ
Finally,ȱitȱmightȱbeȱacknowledgedȱthatȱvonȱNeumannȱ&ȱMorgensternsȱ(1947)ȱ
analysisȱhasȱbeenȱtheȱsubjectȱofȱsustainedȱassaultȱalmostȱeverȱsinceȱitȱwasȱ
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conceived.ȱȱInȱtheȱcontemporaryȱliterature,ȱexperimentalȱeconomistsȱhaveȱ
beenȱactiveȱcontributors,ȱpresentingȱinstancesȱofȱindividualȱchoicesȱthatȱ
apparentlyȱviolateȱexpectedȱutilityȱmaximisationȱ(Kahnemanȱ&ȱTverskysȱ
(2000)ȱcompendiumȱincludesȱseveralȱsuchȱworks).ȱȱThisȱhasȱpromptedȱ
generalisationsȱofȱvonȱNeumannȱ&ȱMorgensternsȱanalysis;ȱforȱexample,ȱ
severalȱofȱtheȱidentifiedȱviolationsȱmayȱbeȱaccommodatedȱthroughȱnonȬlinearȱ
formsȱonȱtheȱeventȱprobabilitiesȱ ȱinȱ(1);ȱseeȱEdwardsȱ(1955)ȱandȱKahnemanȱ
&ȱTverskyȱ(1979).ȱȱWhilstȱimportantȱtoȱacknowledge,ȱthisȱcritiqueȱhasȱnotȱtoȱ
dateȱsucceededȱinȱdeposingȱtheȱparadigmȱofȱexpectedȱutilityȱmaximisation,ȱ
andȱitȱwouldȱthereforeȱseemȱentirelyȱreasonableȱtoȱadhereȱtoȱvonȱNeumannȱ&ȱ
Morgensternȱinȱwhatȱfollows.ȱȱȱ
knp
ȱ
ȱ
3.ȱTheȱtheoryȱappliedȱtoȱtripȱschedulingȱ
ȱ
TheȱcontributionsȱofȱNolandȱ&ȱSmallȱ(1995)ȱandȱBatesȱetȱal.ȱ(2001)ȱestablishȱ
precedenceȱinȱapplyingȱtheȱtheoryȱofȱindividualȱchoiceȱunderȱuncertaintyȱtoȱ
theȱcontextȱofȱtripȱscheduling.ȱȱTheȱpurposeȱofȱtheȱpresentȱsectionȱisȱtoȱ
explicateȱthisȱapplication;ȱtheȱsubsequentȱanalysisȱfollowsȱtheseȱprecedentȱ
worksȱreasonablyȱfaithfully,ȱsaveȱforȱtheȱrepresentationȱofȱtimeȱasȱaȱdiscreteȱ
variable.ȱ
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ȱ3.1.ȱPreliminaryȱdefinitionsȱ
ȱ
Inȱapplyingȱtheȱtheoryȱoutlinedȱinȱsectionȱ2ȱtoȱtripȱscheduling,ȱitȱwouldȱseemȱ
reasonableȱtoȱrepresentȱchoiceȱinȱtermsȱofȱdepartureȱtimeȱandȱeventsȱinȱtermsȱ
ofȱarrivalȱtime,ȱandȱtoȱpostulateȱthatȱuncertaintyȱderivesȱfromȱtheȱdistributionȱ
ofȱarrivalȱtimesȱforȱanyȱgivenȱdepartureȱtime.ȱȱWithȱreferenceȱtoȱNolandȱ&ȱ
Smallsȱtypology,ȱthisȱdistributionȱcouldȱfeasiblyȱderiveȱfromȱrecurrentȱdelay,ȱ
fromȱincidentȬrelatedȱdelay,ȱorȱfromȱbothȱofȱtheȱaforementioned.ȱȱMoreȱ
formally:ȱȱ
ȱ
Letȱ A ȱbeȱaȱfiniteȱandȱexhaustiveȱsetȱofȱarrivalȱtimes:ȱ
ȱ
^ `KaaA ,...,1 ȱ
ȱ
Letȱ ȱbeȱaȱfiniteȱandȱexhaustiveȱsetȱofȱdepartureȱtimes:ȱD
ȱ
^ `NddD ,...,1 ȱ
ȱ
Theȱlatterȱcorrespondsȱtoȱtheȱchoiceȱsetȱ ,ȱasȱdefinedȱinȱsectionȱ2:ȱS
ȱ
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^ `NS ww ,...,1 ȱ
ȱ
Letȱtheȱexpectedȱutilityȱ ȱofȱanyȱprospectȱnY Sn w ȱbeȱgivenȱby:ȱ
ȱ
¦ 
 
K
k
knknn UpY
1
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ (3)ȱ
ȱ
whereȱ ȱisȱtheȱutilityȱderivingȱfromȱtheȱarrivalȱtimeȱ ,ȱhavingȱdepartedȱatȱ
,ȱandȱ ȱisȱtheȱassociatedȱeventȱprobability.ȱ
knU ka
nd knp
ȱ
3.2ȱUtilityȱfunctionȱ
ȱ
Itȱremainsȱtoȱequipȱutilityȱ ȱwithȱmoreȱpreciseȱform.ȱȱWhilstȱtheȱtheoryȱofȱ
sectionȱ2ȱwouldȱseemȱtoȱimposeȱfewȱrestrictionsȱonȱsuchȱform,ȱtheȱtripȱ
schedulingȱliteratureȱdemonstratesȱconsiderableȱsupportȱforȱSmallsȱ(1982)ȱ
utilityȱfunction,ȱandȱthisȱfunctionȱisȱstraightforwardlyȱadoptedȱbyȱNolandȱ&ȱ
Smallȱ(1995)ȱandȱBatesȱetȱal.ȱ(2001).ȱȱInȱwhatȱfollows,ȱweȱshallȱourselvesȱfollowȱ
thisȱconvention,ȱbutȱinȱsoȱdoingȱdemonstrateȱthatȱSmallsȱutilityȱfunctionȱ
impliesȱparticularȱpropertiesȱwithȱrespectȱtoȱtravellersȱattitudesȱtoȱ
unreliabilityȱinȱarrivalȱtime.ȱ
knU
ȱ
WithȱreferenceȱtoȱSmallȱ(1982),ȱdefineȱutility:ȱ
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ȱkkkknkn LSDLSDETU GJED  ȱȱȱȱ ȱ ȱ ȱ ȱ (4)ȱ
ȱ
where:ȱ
T ȱisȱtravelȱtimeȱ
SDE ȱisȱscheduleȱdelayȱearlyȱ
SDL ȱisȱscheduleȱdelayȱlateȱ
L ȱisȱaȱdummyȱvariableȱthatȱisȱunitaryȱinȱtheȱcaseȱofȱlateȱarrival,ȱandȱzeroȱ
otherwiseȱ
ȱ
HenceȱSmallsȱutilityȱfunctionȱ(4)ȱcanȱbeȱseenȱtoȱbeȱaȱlinearȱfunctionȱofȱfourȱ
attributesȱȬȱtravelȱtime,ȱscheduleȱdelayȱearly,ȱscheduleȱdelayȱlateȱandȱaȱ
latenessȱdummyȱȬȱwhereȱtheȱlatterȱthreeȱareȱconditionedȱbyȱtheȱpreferredȱ
arrivalȱtimeȱ( )ȱofȱtheȱtraveller,ȱwhichȱweȱtakeȱasȱgiven.ȱȱOnȱthisȱbasis,ȱletȱ
usȱreȬexpressȱtheȱattributesȱofȱ(4)ȱinȱtermsȱofȱourȱdimensionsȱofȱinterestȱȬȱ
arrivalȱtimeȱandȱdepartureȱtimeȱȬȱforȱgivenȱ :ȱ
PAT
PAT
ȱ
nkkn daT  ȱ
 > @0,max kk aPATSDE  ȱ
 > @0,max PATaSDL kk  ȱ
1 kL ȱifȱ  ,ȱ ȱotherwiseȱ 0! PATak 0 
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ȱNowȱcompletingȱourȱapplicationȱofȱtheȱtheoryȱofȱindividualȱchoiceȱunderȱ
uncertaintyȱtoȱtheȱcontextȱofȱtripȱscheduling,ȱletȱusȱexplicateȱtheȱdefinitionȱofȱ
theȱprospectȱvector,ȱthus:ȱȱ
ȱ
   > @KnnKKKKnnn ppLSDLSDETLSDLSDET ,...,;,,,,...,,,, 11111 w ȱ
ȱ
MoreoverȱtheȱadoptionȱofȱSmallsȱutilityȱfunctionȱimpliesȱtheȱpropositionȱthatȱ
payȬoffsȱareȱgivenȱbyȱanȱamalgamȱofȱtheȱfourȱattributesȱofȱthatȱfunction,ȱthreeȱ
ofȱwhichȱareȱmeasuredȱinȱtimeȱunits,ȱandȱtheȱfourthȱasȱaȱdummyȱvariable.ȱȱ
ThusȱwhileȱpreviousȱapplicationsȱofȱvonȱNeumannȱ&ȱMorgensternȱ(1947)ȱ
haveȱfocussedȱheavilyȱonȱmonetaryȱpayȬoffs,ȱitȱwouldȱinȱtheȱpresentȱcontextȱ
seemȱnatural,ȱandȱnotȱoutsideȱtheȱremitȱofȱtheȱtheory,ȱtoȱrepresentȱpayȬoffsȱinȱ
timeȱunits.ȱȱInȱanyȱcase,ȱtravelȱcostsȱdoȱnotȱroutinelyȱvaryȱbyȱarrivalȱtime,ȱsuchȱ
thatȱtheȱarrivalȱtimeȱdimensionȱmayȱnotȱbeȱreadilyȱamenableȱtoȱmonetisation.ȱȱ
Thatȱdoesȱnotȱprecludeȱtheȱpossibilityȱthatȱarrivalȱtimeȱ(inȱparticular,ȱlateness)ȱ
mayȱincurȱincidentalȱcosts.ȱȱRatherȱanyȱsuchȱcostsȱwillȱariseȱasȱaȱfunctionȱofȱ
arrivalȱtime,ȱasȱwouldȱseemȱintuitiveȱinȱtheȱcaseȱofȱlateness,ȱandȱtheȱattitudesȱ
ofȱtravellersȱtoȱsuchȱcostsȱwillȱmanifestȱinȱtheirȱattitudesȱtoȱtheȱuncertaintyȱofȱ
arrivalȱtime.ȱ
ȱ
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Letȱusȱderiveȱaȱschematicȱrepresentationȱofȱtheȱutilityȱfunctionȱ(4)ȱforȱanyȱ
departureȱtimeȱ ,ȱbutȱrestrictȱattentionȱtoȱaȱbinaryȱsubsetȱofȱarrivalȱtimesȱDd n 
AA ~ .ȱȱInȱparticular,ȱletȱ ^ ji aaA , `~  ,ȱwhereinȱtheȱfollowingȱrelationsȱhold:ȱ
.ȱȱThatȱisȱtoȱsay,ȱletȱ ȱbeȱtheȱearliestȱfeasibleȱarrivalȱtimeȱ
(i.e.ȱinȱfreeȱflowȱconditions),ȱandȱletȱ ȱandȱ ȱbeȱtwoȱfurtherȱarrivalȱtimesȱ
thatȱareȱdefinedȱarbitrarilyȱsaveȱforȱtheȱrequirementȱthatȱ ȱfallsȱbeforeȱtheȱ
ȱandȱ ȱafterȱtheȱ .ȱ
ji aPATaa dmin mina
ia ja
ia
PAT ja PAT
ȱ
Figureȱ1:ȱSmallsȱutilityȱfunction,ȱforȱgivenȱdepartureȱtime,ȱwithȱ ED  ȱȱ(ABOUTȱ
HERE)ȱ
ȱ
ThisȱisȱillustratedȱbyȱFigureȱ1,ȱwhichȱrepresentsȱarrivalȱtimeȱonȱtheȱhorizontalȱ
axis,ȱandȱutilityȱonȱtheȱvertical.ȱȱAllȱattributesȱofȱtheȱutilityȱfunctionȱareȱbad,ȱ
i.e.ȱ 0,,, GJED ȱinȱ(4),ȱandȱU ȱisȱthereforeȱdrawnȱinȱtheȱlowerȱrightȱquadrantȱ
ofȱtheȱfigure;ȱnoteȱalsoȱthatȱU ȱoriginatesȱatȱtheȱearliestȱfeasibleȱarrivalȱtimeȱ
.ȱȱNowȱconsiderȱtheȱutilityȱderivedȱatȱarrivalȱtimesȱ ȱandȱ ,ȱ
respectively:ȱȱ
mina ia ja
ȱ
Atȱ :ȱiaa     ii aPATdaU  ED ȱ
Atȱ :ȱjaa      GJD  PATadaU jj ȱ
ȱ
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Considerȱalsoȱtheȱutilityȱderivedȱasȱtheȱarrivalȱtimeȱapproachesȱtheȱ ȱfromȱ
ȱandȱ ,ȱrespectively:ȱȱ
PAT
ia ja
ȱ
Asȱ   :ȱ0o iaPAT  dPATU oD    ii aPATda o DD ȱ
Asȱ   0o PATa j :ȱ   GD o dPATU     GDD o PATada jj ȱ
ȱ
WeȱcanȱnowȱestablishȱtheȱslopeȱofȱtheȱutilityȱfunctionȱU ,ȱwhichȱforȱarrivalȱ
timesȱbeforeȱtheȱ ȱmustȱbeȱPAT  ED  ,ȱandȱforȱarrivalȱtimesȱafterȱtheȱ ȱ
mustȱbeȱ 
PAT
JD  .ȱȱForȱpurposesȱofȱillustration,ȱFigureȱ1ȱexploitsȱSmallsȱ(1982)ȱ
empiricalȱfindingȱthatȱ ED  ,ȱi.e.ȱthatȱtravelȱtimeȱimposesȱgreaterȱdisutilityȱ
thanȱscheduleȱdelayȱearly.ȱȱThisȱengendersȱtheȱpropertyȱthatȱU ȱisȱstrictlyȱ
decreasingȱinȱutility,ȱandȱsteeperȱafterȱtheȱ ȱthanȱbefore.ȱȱContrariwise,ȱifȱ
itȱinsteadȱheldȱthatȱ
PAT
DE  ,ȱthenȱtheȱtwoȱportionsȱofȱU ȱwouldȱshowȱopposingȱ
slopes,ȱwithȱarrivalȱtimesȱbeforeȱtheȱ PAT ȱcharacterisedȱbyȱpositiveȱslope,ȱandȱ
arrivalȱtimesȱafterȱtheȱ PAT ȱbyȱnegativeȱslope.ȱȱInȱthisȱlatterȱcase,ȱtheȱabsoluteȱ
slopeȱofȱtheȱfirstȱportionȱofȱU ȱmayȱbeȱgreaterȱthanȱorȱlessȱthanȱtheȱsecondȱ
portion,ȱdependingȱonȱtheȱrelativeȱdisutilityȱofȱscheduleȱdelayȱearly.ȱȱFigureȱ2ȱ
embodiesȱtheȱrelationsȱ DE  ȱandȱ    JDED  ,ȱsuchȱthatȱtheȱtwoȱ
portionsȱofȱU ȱshowȱopposingȱslopes,ȱwithȱtheȱportionȱbeforeȱtheȱ ȱ
carryingȱlowerȱabsoluteȱslopeȱthanȱtheȱportionȱafterȱtheȱ .ȱ
PAT
PAT
ȱ
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Figureȱ2:ȱSmallsȱutilityȱfunction,ȱforȱgivenȱdepartureȱtime,ȱwithȱ DE  ȱȱ(ABOUTȱ
HERE)ȱ
ȱ
Finally,ȱitȱmightȱbeȱobservedȱthatȱFiguresȱ1ȱandȱ2ȱdivergeȱfromȱtheȱmoreȱusualȱ
presentationȱofȱSmallsȱutilityȱfunction,ȱasȱperhapsȱillustratedȱbyȱFigureȱ1ȱofȱ
Batesȱetȱal.ȱ(2001).ȱȱThisȱisȱbecauseȱFiguresȱ1ȱandȱ2ȱofȱtheȱpresentȱpaperȱ
considerȱbothȱtravelȱtimeȱandȱschedulingȱparameters,ȱwhereasȱFigureȱ1ȱofȱ
Batesȱetȱal.ȱconsidersȱonlyȱschedulingȱparameters.ȱȱTheȱpresentationȱadoptedȱ
inȱtheȱpresentȱpaperȱisȱmotivatedȱbyȱaȱdesireȱtoȱclearlyȱarticulateȱtheȱrelationȱ
ofȱtheȱcompleteȱutilityȱfunctionȱtoȱtheȱexpectedȱutilityȱfunction,ȱanȱinterestȱthatȱ
weȱshallȱpursueȱinȱtheȱfollowingȱsections.ȱȱMoreover,ȱitȱisȱperhapsȱhelpfulȱȬȱforȱ
purposesȱofȱdistinctionȱȬȱtoȱreferȱtoȱFigureȱ1ȱofȱBatesȱetȱal.ȱasȱSmallsȱ
schedulingȱfunction,ȱandȱtoȱFiguresȱ1ȱandȱ2ȱofȱtheȱpresentȱpaperȱasȱSmallsȱ
utilityȱfunction.ȱȱȱ
ȱ
3.3ȱExpectedȱutilityȱfunctionȱ
ȱ
Forȱreasonsȱofȱbrevity,ȱthisȱandȱsubsequentȱsectionsȱwillȱfocusȱattentionȱonȱ
Smallsȱutilityȱfunctionȱwithȱtheȱpropertyȱ ED  ,ȱi.e.ȱasȱinȱFigureȱ1,ȱ
particularlyȱasȱthisȱpropertyȱcarriesȱtheȱempiricalȱsupportȱofȱSmallȱ(1982)ȱ
himself.ȱȱWhilstȱitȱshouldȱbeȱreassuredȱthatȱtheȱgeneralȱprinciplesȱofȱtheȱ
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analysisȱextendȱalsoȱtoȱfunctionsȱwithȱtheȱpropertyȱ DE  ,ȱi.e.ȱasȱinȱFigureȱ2,ȱ
someȱdifferencesȱinȱanalysisȱdoȱarise,ȱandȱtheseȱareȱremarkedȱuponȱwhereȱ
relevant.ȱȱ
ȱ
Inȱorderȱtoȱpromoteȱexpositionalȱclarity,ȱletȱusȱonceȱagainȱrestrictȱ
considerationȱtoȱaȱbinaryȱsubsetȱofȱarrivalȱtimesȱ AA ~ ,ȱwhereȱ ^ `ji aaA ,~  ,ȱ
thisȱtimeȱimposingȱ(atȱleastȱforȱtheȱmoment)ȱtheȱrestrictionȱonlyȱthatȱ .ȱȱ
Forȱeachȱdepartureȱtimeȱ ,ȱdefineȱtheȱprospect:ȱȱ
ji aa 
Dd n 
ȱ
     > @ininjjjjniiiinn ppLSDLSDETLSDLSDET  1,;,,,,,,,w ȱ ȱ ȱ
ȱ
Nowȱpropagatingȱexpectedȱutilityȱ(3)ȱwithȱtheȱutilityȱfunctionȱ(4),ȱletȱusȱwriteȱ
theȱexpectedȱutilityȱderivingȱfromȱtheȱaboveȱprospect:ȱȱ
ȱ
> @^ `
 >^ `jjjjnin iiiininn LSDLSDETp
LSDLSDETpY
GJED @GJED   1 ȱ ȱ ȱ ȱ (5)ȱ
ȱ
Orȱmoreȱgenerally:ȱ
ȱ
       nnnnn LESDLESDEETEY GJED  ȱ ȱ ȱ ȱ (6)ȱ
ȱ
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Figureȱ3:ȱUtilityȱandȱexpectedȱutilityȱfunctions,ȱforȱgivenȱdepartureȱtime,ȱwithȱ ED  ȱ
(ABOUTȱHERE)ȱ
ȱ
Theȱbinaryȱsubsetȱofȱarrivalȱtimesȱinȱ(5)ȱpermitsȱeasyȱtranslationȱtoȱtheȱ
diagrammaticȱanalysisȱofȱFigureȱ3,ȱwhereinȱthreeȱcasesȱmightȱusefullyȱbeȱ
identifiedȱdependingȱonȱtheȱrelationȱofȱtheȱarrivalȱtimesȱtoȱtheȱ PAT ,ȱthus:ȱ
Caseȱ1:ȱȱ ȱPATaa ji d
Caseȱ2:ȱȱ ji aaPAT d ȱ
Caseȱ3:ȱȱ ji aPATa  ȱ
Letȱusȱdrawȱsomeȱobservationsȱrelatingȱtoȱeachȱofȱtheȱthreeȱcases,ȱasȱfollows:ȱ
ȱ
Caseȱ1:ȱȱ ȱPATaa ji d
ExpectedȱutilityȱȬȱlabelledȱ 1CaseY ȱinȱtheȱfigureȱȬȱwillȱinȱthisȱcaseȱfallȱsomewhereȱ
onȱtheȱsectionȱofȱtheȱutilityȱfunctionȱU ȱprecedingȱtheȱ PAT ;ȱpreciselyȱwhereȱ
willȱdependȱonȱtheȱprobabilityȱ ȱthatȱarrivalȱtimeȱ ȱactuallyȱoccurs.ȱip ia
ȱ
Caseȱ2:ȱȱ ji aaPAT d ȱ
Byȱcontrastȱtoȱtheȱpreviousȱcase,ȱexpectedȱutilityȱ 2CaseY ȱwillȱnowȱfallȱ
somewhereȱonȱtheȱsectionȱofȱtheȱutilityȱfunctionȱU ȱthatȱcomesȱafterȱtheȱ .ȱȱ
Sinceȱutilityȱisȱstrictlyȱdecreasingȱinȱtravelȱtime,ȱitȱmustȱholdȱthatȱ
PAT
1Case2Case YY  ;ȱȱhenceȱCaseȱ1ȱdominatesȱCaseȱ2.ȱ
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ȱCaseȱ3:ȱȱ ji aPATa  ȱ
AgainȱwithȱreferenceȱtoȱFigureȱ3,ȱconsiderȱtheȱpairȱofȱarrivalȱtimesȱ ȱandȱ
,ȱwhichȱsatisfyȱtheȱrequirementsȱofȱCaseȱ3,ȱbutȱareȱotherwiseȱdefinedȱ
arbitrarily.ȱȱIfȱweȱidentifyȱtheȱpointȱatȱwhichȱ ȱandȱ ȱintersectȱtheȱ
utilityȱfunctionȱU ,ȱthenȱexpectedȱutilityȱ
3Case
ia
3Case
ja
3Case
ia
3Case
ja
3CaseY ȱwillȱfallȱsomewhereȱonȱtheȱ
straightȱlineȱjoiningȱtheseȱtwoȱpoints.ȱȱTheȱdiscontinuityȱofȱU ȱintroducesȱ
someȱcomplexities,ȱhowever,ȱasȱweȱshallȱseeȱinȱdueȱcourse.ȱ
ȱ
3.4ȱChoiceȱbetweenȱprospectsȱ
ȱ
Havingȱderivedȱexpectedȱutilityȱforȱanyȱdepartureȱtimeȱ Dd n  ,ȱletȱusȱ
considerȱtheȱchoiceȱbetweenȱaȱpairȱofȱprospectsȱ Srq ww , ,ȱwhichȱcorrespondȱ
toȱtheȱdepartureȱtimesȱ .ȱȱFurthermore,ȱletȱDdd rq , rq dd  ,ȱsuchȱthatȱ ȱisȱ
theȱearlierȱofȱtheȱtwoȱdepartures.ȱȱSinceȱvonȱNeumannȱ&ȱMorgensternsȱ(1947)ȱ
axiomsȱreferȱentirelyȱtoȱtheȱpropertiesȱofȱpairs,ȱaȱbinaryȱchoiceȱwouldȱnotȱ
seemȱunreasonablyȱrestrictive.ȱȱItȱmightȱalsoȱbeȱremarkedȱthatȱbinaryȱchoiceȱ
wouldȱseemȱparticularlyȱamenableȱtoȱimplementationȱwithinȱStatedȱ
Preferenceȱ(SP).ȱȱȱ
qd
ȱ
Followingȱsectionȱ2,ȱitȱmustȱholdȱthat:ȱȱ
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rq ww  ȱiffȱ ȱ0t rq YY
qr ww  ȱiffȱ ȱ0t qr YY
rq ww ~ ȱiffȱbothȱ ȱandȱ0t rq YY 0t qr YY ȱ
Sinceȱtheseȱthreeȱpreferenceȱrelationsȱareȱdictatedȱbyȱtheȱdifferenceȱinȱ
expectedȱutility,ȱletȱusȱderive:ȱ
ȱ
    > @LSDLSDEappddYY iqirrqrq ''''  GJEDD ȱ ȱ (7)ȱ
ȱ
where:ȱ
  0! ' ij aaa ȱ
  0d ' ij SDESDESDE ȱ
  0t ' ij SDLSDLSDL ȱ
1 'L ȱifȱ ,ȱ ȱotherwiseȱji aPATa  0 
ȱ
Itȱmayȱthereforeȱbeȱseen,ȱwithȱreferenceȱtoȱ(7),ȱthatȱtheȱdifferenceȱinȱexpectedȱ
utilityȱisȱaȱfunctionȱofȱtheȱdifferenceȱinȱdepartureȱtime,ȱasȱwellȱasȱdifferencesȱ
inȱexpectedȱarrivalȱtime,ȱexpectedȱscheduleȱdelayȱearly,ȱexpectedȱscheduleȱ
delayȱlateȱandȱtheȱexpectedȱlatenessȱdummyȱ(whereȱtheȱlatterȱmayȱotherwiseȱ
beȱreferredȱtoȱasȱtheȱprobabilityȱofȱlateness).ȱ
ȱ
 22
NowȱdirectingȱattentionȱtoȱFigureȱ4,ȱletȱusȱtranslateȱtheȱprecedingȱalgebraicȱ
analysisȱtoȱaȱdiagrammaticȱone.ȱȱTheȱreadersȱattentionȱisȱfirstȱdrawnȱtoȱtheȱ
utilityȱfunctionsȱ ȱandȱ ,ȱwhichȱpertainȱtoȱtheȱdepartureȱtimesȱ ȱandȱ ȱ
respectively.ȱȱWithȱreferenceȱtoȱtheȱhorizontalȱaxis,ȱnoteȱthatȱtheȱtwoȱ
departuresȱwill,ȱassumingȱconstantȱfreeȱflowȱtravelȱtime,ȱhaveȱdifferentȱtimesȱ
forȱtheirȱearliestȱfeasibleȱarrivalsȱ(i.e.ȱ
qU rU qd rd
   rq dada minmin  ).ȱȱTheȱtwoȱutilityȱ
functionsȱoriginate,ȱtherefore,ȱfromȱdifferentȱpointsȱonȱtheȱarrivalȱtimeȱaxis.ȱȱ
Withȱreferenceȱtoȱtheȱverticalȱaxis,ȱtheȱtwoȱfunctionsȱareȱseparatedȱbyȱtheȱ
constantȱ  rq dd D ,ȱwhichȱrepresentsȱtheȱutilityȱdifferenceȱarisingȱfromȱtheȱ
differenceȱinȱtheirȱrespectiveȱdepartureȱtimes.ȱȱOtherwiseȱtheȱtwoȱfunctionsȱ
carryȱtheȱsameȱproperties,ȱwithȱcommonȱschedulingȱparametersȱandȱ PAT .ȱ
ȱ
Figureȱ4:ȱChoiceȱbetweenȱdepartureȱtimes,ȱwithȱ ED  ȱ(ABOUTȱHERE)ȱ
ȱ
Havingȱdefinedȱtheȱrelevantȱevents,ȱweȱcanȱnowȱderiveȱtheȱexpectedȱutilityȱ
functionsȱrelatingȱtoȱtheȱprospectsȱ ȱandȱ ;ȱtheseȱfunctionsȱareȱlabelledȱ ȱ
andȱ ȱrespectivelyȱinȱtheȱfigure.ȱȱPreciselyȱwhereȱexpectedȱutilityȱfallsȱonȱ
theseȱfunctionsȱwillȱbeȱdeterminedȱbyȱtheȱexpectedȱarrivalȱtimesȱ
qw rw qY
rY
 qaE ȱandȱ
.ȱȱIfȱhoweverȱitȱholdsȱthatȱ raE iaa dmin ,ȱi.e.ȱtheȱearlierȱarrivalȱtimeȱwithinȱtheȱ
prospectsȱfallsȱatȱorȱafterȱtheȱearliestȱfeasibleȱarrivalȱtime,ȱitȱwouldȱseemȱ
uncontroversialȱtoȱmakeȱtheȱassertionȱthatȱ ,ȱi.e.ȱtheȱearlierȱdepartureȱiriq pp !
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qd ȱisȱmoreȱlikelyȱtoȱarriveȱatȱ ȱthanȱtheȱlaterȱdepartureȱ .ȱȱThoughȱitȱisȱleftȱ
inȱpracticeȱtoȱempiricalȱinvestigationȱtoȱidentifyȱtheȱexpectedȱarrivalȱtimesȱ
ia rd
 qaE ȱandȱ ,ȱtheȱfigureȱillustratesȱaȱsituationȱwhereȱ raE    rq aEPATaE  ,ȱ
withȱanȱoutcomeȱthatȱ .ȱȱInȱthisȱsituation,ȱtherefore,ȱprospectȱ ȱwouldȱ
beȱchosenȱoverȱprospectȱ .ȱȱȱ
rq YY ! qw
rw
ȱ
ȱ
4.ȱMarginalȱvaluationsȱofȱtravelȱtimeȱandȱscheduling,ȱandȱtheȱreliabilityȱ
premiumȱ
ȱ
Theȱpreviousȱsectionȱappliedȱtheȱtheoryȱofȱindividualȱchoiceȱunderȱ
uncertaintyȱtoȱtripȱscheduling.ȱȱThisȱequipsȱusȱwithȱtheȱnecessaryȱtheoryȱtoȱ
nowȱdevelopȱtheȱprincipalȱinterestȱofȱtheȱpaper,ȱwhichȱisȱinȱtheȱvalueȱofȱ
reliabilityȱtoȱanȱindividualȱtraveller.ȱȱWhilstȱacknowledgingȱthatȱtheȱvalueȱofȱ
reliabilityȱhasȱbeenȱvariouslyȱdefinedȱ(seeȱdeȱJongȱetȱal.,ȱ2004),ȱtheȱfollowingȱ
analysisȱwillȱexploitȱandȱextendȱBatesȱetȱal.sȱ(2001)ȱdefinition,ȱwhichȱisȱ
groundedȱinȱtheȱtheoryȱofȱsectionȱ3.ȱȱLetȱusȱfirstȱsummariseȱBatesȱetȱal.sȱ
definition,ȱbeforeȱconsideringȱitsȱextension.ȱȱȱ
ȱ
4.1ȱBatesȱetȱal.sȱmarginalȱvaluationsȱofȱtravelȱtimeȱandȱschedulingȱunderȱuncertaintyȱ
ȱ
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FollowingȱBatesȱetȱal.,ȱtheȱreliabilityȱofȱarrivalȱtimeȱmayȱbeȱrepresentedȱinȱ
termsȱofȱtheȱeventȱprobabilitiesȱofȱvonȱNeumannȱ&ȱMorgensternsȱ(1947)ȱ
analysis;ȱwithȱreferenceȱtoȱ(5),ȱforȱexample,ȱanyȱchangeȱinȱreliabilityȱ(i.e.ȱ ȱ
andȱ )ȱwillȱimpactȱuponȱexpectedȱarrivalȱtimeȱand,ȱbyȱimplication,ȱexpectedȱ
travelȱtime,ȱexpectedȱscheduleȱdelayȱearly,ȱexpectedȱscheduleȱdelayȱlate,ȱandȱ
theȱexpectedȱlatenessȱdummy.ȱȱApplyingȱthisȱrepresentationȱofȱreliabilityȱtoȱ
empiricalȱinvestigation,ȱBatesȱetȱal.ȱdeviseȱandȱimplementȱaȱbinaryȱchoiceȱSPȱ
experiment,ȱandȱfromȱthisȱdataȱinferȱmarginalȱvaluationsȱofȱexpectedȱtravelȱ
time,ȱexpectedȱscheduleȱdelayȱearly,ȱexpectedȱscheduleȱdelayȱlateȱandȱtheȱ
expectedȱlatenessȱdummy.ȱȱȱȱȱ
ip
jp
ȱ
LetȱusȱillustrateȱtheȱnubȱofȱBatesȱetȱal.sȱempiricalȱinvestigation,ȱbutȱwithinȱtheȱ
contextȱofȱourȱownȱworking.ȱȱWeȱbeginȱbyȱsupplementingȱtheȱexpectedȱutilityȱ
functionȱ(5)ȱwithȱaȱvariableȱrepresentingȱtravelȱcost,ȱnotingȱimportantlyȱthatȱ
costȱisȱindexedȱbyȱdepartureȱtimeȱbutȱnotȱbyȱarrivalȱtime.ȱȱMoreȱformally,ȱforȱ
anyȱprospectȱ Sn w ȱlet:ȱ
ȱ
nnn cYY I ˆ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ (8)ȱ
ȱ
whereȱ ȱisȱtheȱtravelȱcostȱofȱprospectȱ .ȱȱAdoptingȱ(8),ȱletȱusȱreturnȱtoȱtheȱ
choiceȱbetweenȱtheȱpairȱ
nc nw
Srq ww , .ȱȱCriticalȱtoȱthisȱchoiceȱisȱtheȱpointȱatȱ
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whichȱtheȱindividualȱisȱindifferentȱbetweenȱtheȱprospects;ȱreȬworkingȱ(7)ȱweȱ
canȱestablishȱthat:ȱȱ
ȱȱ
Ifȱ ȱthen:ȱ0ˆˆ   rq YY
      > @LSDLSDEappddcc iqirrqqr ''''  GJEDDI ȱ (9)ȱ ȱ
ȱ
Theȱpropositionȱnowȱemergesȱthatȱanȱindividualȱtravellerȱmightȱbeȱwillingȱtoȱ
exchangeȱanȱadjustmentȱinȱcostȱdifference,ȱi.e.ȱtheȱleftȬhandȱsideȱofȱ(9),ȱforȱ
adjustmentsȱinȱoneȱorȱmoreȱofȱtheȱtravelȱtimeȱandȱschedulingȱdifferences,ȱi.e.ȱ
theȱrightȬhandȱsideȱofȱ(9).ȱȱAcceptingȱthisȱpropositionȱofȱexchange,ȱitȱwouldȱ
seemȱaȱrelativelyȱsmallȱextensionȱtoȱisolateȱtheȱrateȱofȱexchangeȱbetweenȱ
travelȱcostȱandȱeachȱconstituentȱofȱexpectedȱutility,ȱandȱtherebyȱderiveȱ
marginalȱvaluationsȱofȱexpectedȱtravelȱtime,ȱexpectedȱscheduleȱdelayȱearly,ȱ
expectedȱscheduleȱdelayȱlate,ȱandȱtheȱexpectedȱlatenessȱdummy.ȱȱForȱ
example,ȱletȱusȱderiveȱmarginalȱvaluationȱofȱexpectedȱtravelȱtimeȱ ,ȱ
thus:ȱȱȱ
  TEVo
ȱ
Ifȱ 0ˆˆ
0,,
 
 GJErq YY ȱthen:ȱ
     > @  ^ `qrrqqr ddaEaEcc   DI ȱ
       > @  qrrq qr ddaEaE
cc
TEVo 
  I
D ȱ ȱ ȱ ȱ ȱ (10)ȱ
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ȱMarginalȱvaluationsȱofȱexpectedȱscheduleȱdelayȱearlyȱ   SDEEVo ,ȱexpectedȱ
scheduleȱdelayȱlateȱ ,ȱandȱtheȱexpectedȱlatenessȱdummyȱ ȱ
canȱbeȱderivedȱanalogously,ȱasȱshownȱinȱAppendixȱA.ȱȱ
 SDLEVo    LEVo
ȱ
4.2ȱAttitudesȱtoȱunreliabilityȱ
ȱ
Theȱexpositionȱofȱsectionȱ3ȱwould,ȱinȱapplyingȱtheȱtheoryȱofȱindividualȱchoiceȱ
underȱuncertaintyȱtoȱtheȱreliabilityȱofȱarrivalȱtime,ȱseemȱtoȱestablishȱ
synonymityȱbetweenȱtheȱmicroeconomistsȱnotionȱofȱuncertaintyȱ(orȱrisk)ȱandȱ
theȱtransportȱplannersȱnotionȱofȱunreliability.ȱȱThisȱinȱturnȱprovokesȱanȱ
interestȱinȱreconcilingȱBatesȱetȱal.sȱmarginalȱvaluationsȱofȱtravelȱtimeȱandȱ
schedulingȱunderȱuncertaintyȱwithȱestablishedȱmicroeconomicȱmethodsȱforȱ
valuingȱtheȱriskȱinherentȱinȱprospects.ȱȱInȱpursuingȱthisȱinterestȱoneȱmight,ȱ
rekindlingȱtheȱearlierȱdiscussionȱinȱsectionȱ3.2,ȱdistinguishȱbetweenȱattitudesȱ
toȱriskyȱmonetaryȱoutcomesȱandȱattitudesȱtoȱriskyȱtimeȱoutcomes.ȱȱWhilstȱtheȱ
formerȱhaveȱattractedȱconsiderableȱresearchȱattention,ȱtheȱlatterȱhaveȱnot,ȱ
henceȱtheȱopportunityȱforȱfurtherȱinvestigation.ȱ
ȱ
Toȱthisȱend,ȱletȱusȱconsiderȱtheȱparticularȱconceptȱofȱtheȱriskȱpremiumȱ(Pratt,ȱ
1964),ȱwhichȱcarriesȱanȱappealingȱintuitionȱandȱcommandsȱconsiderableȱ
 27
supportȱacrossȱtheȱmicroeconomicȱcommunity.ȱȱTheȱriskȱpremiumȱarisesȱfromȱ
theȱrelationȱbetweenȱtheȱexpectedȱutilityȱfunctionȱandȱitsȱunderlyingȱutilityȱ
function,ȱandȱisȱcruciallyȱdictatedȱbyȱtheȱindividualsȱattitudeȱtowardsȱrisk.ȱȱ
Beforeȱproceedingȱtoȱtheȱriskȱpremium,ȱletȱusȱthenȱconsiderȱattitudesȱtoȱriskȱasȱ
theyȱapplyȱtoȱourȱinterestȱinȱtheȱreliabilityȱofȱarrivalȱtime.ȱȱWeȱbeginȱbyȱ
derivingȱtheȱutilityȱofȱtheȱexpectedȱarrivalȱtime,ȱthus:ȱȱȱ
ȱ
    > @   > @   > @   nnnnnn aELPATaEaEPATdaEaEU GJED  0,max0,max
ȱ
where:ȱ
    jiniinn apapaE  1 ȱ ȱ ȱ ȱ ȱ ȱ ȱ (11)ȱ
   1 naEL ȱifȱ    0! PATaE n 0,ȱ ȱotherwiseȱȱ
ȱ
Thenȱcomparingȱtheȱutilityȱofȱtheȱexpectedȱarrivalȱtimeȱtoȱexpectedȱutility,ȱ
Jensensȱinequalityȱ(seeȱforȱexampleȱJohansson,ȱ1991)ȱprovidesȱaȱbasisȱforȱtheȱ
followingȱinferences:ȱȱ
̇ Ifȱ ȱthenȱtheȱtravellerȱisȱriskȱneutralȱinȱarrivalȱtimeȱ  nn aEUY  


̇ Ifȱ ȱthenȱtheȱtravellerȱisȱriskȱpreferredȱinȱarrivalȱtimeȱ  nn aEUY !
̇ Ifȱ ȱthenȱtheȱtravellerȱisȱriskȱaverseȱinȱarrivalȱtimeȱ  nn aEUY 
Itȱremainsȱtoȱestablishȱtheȱprevalenceȱofȱtheseȱthreeȱrelations,ȱwhichȱagainȱ
invokesȱtheȱsameȱthreeȱcasesȱasȱsectionȱ3.3:ȱ
ȱ
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Caseȱ1:ȱȱ ȱPATaa ji d
Thisȱalwaysȱyieldsȱtheȱequalityȱ   nn aEUY  ,ȱsuchȱthatȱtheȱtravellerȱexhibitsȱ
riskȱneutrality.ȱȱȱ
ȱ
Caseȱ2:ȱȱ ji aaPAT d ȱ
Theȱequalityȱ ȱagainȱholds,ȱandȱanȱinferenceȱofȱriskȱneutralityȱmayȱ
thereforeȱbeȱdrawn.ȱ
  nn aEUY  
ȱ
Caseȱ3:ȱȱ ji aPATa  ȱ
Thisȱcaseȱisȱmoreȱambiguous,ȱandȱitȱisȱinstructiveȱtoȱintroduceȱtheȱfurtherȱ
dichotomy:ȱȱ
ȱ
Caseȱ3.1:ȱ ȱ  PATaE n 
WhereȱCaseȱ3ȱholdsȱandȱtheȱexpectedȱarrivalȱtimeȱisȱearlierȱthanȱtheȱ ,ȱtheȱ
differenceȱbetweenȱexpectedȱutilityȱandȱutilityȱofȱtheȱexpectedȱarrivalȱtimeȱisȱ
givenȱbyȱtheȱquantity:ȱȱ
PAT
ȱ
        > @jjjinnn LPATaPATapaEUY GJE   1 ȱ
ȱ
Sinceȱ 0,, GJE ȱandȱ ȱbyȱdefinition,ȱandȱ10 dd inp   0! PATa j ȱbyȱ
assumption,ȱitȱmustȱbeȱtheȱcaseȱthatȱ   nn aEUY  .ȱȱTheȱtravellerȱthereforeȱ
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exhibitsȱriskȱaversion.ȱȱThisȱcanȱbeȱconfirmedȱthroughȱreferenceȱtoȱFigureȱ3,ȱ
whereinȱtheȱutilityȱfunctionȱU ȱliesȱaboveȱtheȱexpectedȱutilityȱfunctionȱY ȱ
throughoutȱtheȱintervalȱ > @.ȱȱȱȱPATai ,
ȱ
Caseȱ3.2ȱ  naEPAT  ȱȱ
WhereȱCaseȱ3ȱcontinuesȱtoȱholdȱbutȱtheȱexpectedȱarrivalȱtimeȱisȱnowȱlaterȱthanȱ
theȱ PAT ,ȱtheȱdifferenceȱbetweenȱexpectedȱutilityȱandȱutilityȱofȱtheȱexpectedȱ
arrivalȱtimeȱbecomes:ȱ
ȱ
      > @LaPATaPATpaEUY iiinnn GJE   ȱ
ȱ
whereȱ   nj aELLL   ȱȱ
ȱ
Inȱaȱsimilarȱmannerȱtoȱbefore,ȱ 0,, GJE ȱandȱ 10 dd inp ȱbyȱdefinition,ȱandȱ
ȱbyȱassumption.ȱȱUnlikeȱCaseȱ3.1,ȱhowever,ȱitȱcannotȱbeȱ
determinedȱaȱprioriȱwhichȱofȱ ȱandȱ
  0! iaPAT
nY   naEU ȱwillȱbeȱtheȱgreater.ȱȱRatherȱoneȱ
mustȱdeferȱtoȱtheȱempiricalȱoutcome,ȱwhichȱwillȱbeȱdictatedȱbyȱtheȱproximityȱ
ofȱtheȱarrivalȱtimesȱ ȱandȱ ȱtoȱtheȱ .ȱȱWithȱreferenceȱtoȱFigureȱ3,ȱforȱ
example,ȱtheȱutilityȱfunctionȱU ȱliesȱaboveȱtheȱexpectedȱutilityȱfunctionȱ ȱforȱ
anyȱarrivalȱtimeȱinȱtheȱintervalȱ
ia ja PAT
Y
> @jaPAT , ;ȱi.e.ȱriskȱaversion.ȱȱContrastȱthisȱwithȱ
Figureȱ5,ȱwhereinȱtheȱexpectedȱutilityȱfunctionȱintersectsȱtheȱverticalȱsegmentȱ
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ofȱtheȱutilityȱfunction,ȱandȱtheȱutilityȱfunctionȱthereforeȱliesȱbelowȱtheȱ
expectedȱutilityȱfunctionȱthroughoutȱtheȱintervalȱ > @jaPAT , ;ȱi.e.ȱriskȱpreference.ȱ
ȱ
Figureȱ5:ȱUtilityȱandȱexpectedȱutilityȱfunctions,ȱforȱgivenȱdepartureȱtime,ȱwithȱ ED  ȱ
(ABOUTȱHERE)ȱ
ȱ
Beforeȱmovingȱon,ȱitȱshouldȱbeȱacknowledgedȱthatȱPolakȱ(1987)ȱpursuesȱ
similarȱinterestsȱtoȱtheȱabove,ȱalbeitȱwithȱdifferentȱfocus.ȱȱPolakȱdevotesȱ
carefulȱattentionȱtoȱtheȱformȱofȱhisȱutilityȱfunction,ȱpostulatingȱthatȱtheȱ
functionȱshouldȱbeȱmonotonicallyȱdecreasingȱinȱtravelȱcostȱandȱdemonstrateȱaȱ
constantȱdegreeȱofȱriskȱaversionȱtoȱtravelȱcostȱ(seeȱPrattȱ(1964)ȱandȱArrowȱ
(1970)ȱforȱdiscussionȱofȱmeasuresȱofȱriskȱaversion);ȱcontrastȱthisȱwithȱtheȱ
presentȱpaper,ȱwhichȱisȱfoundedȱonȱattitudesȱtoȱtimeȱriskȱratherȱthanȱcostȱrisk.ȱȱ
Adoptingȱanȱexponentialȱformȱasȱaȱworkingȱrepresentationȱofȱtheȱpostulatedȱ
properties,ȱPolakȱseeksȱtoȱidentify,ȱinȱaȱsimilarȱmannerȱtoȱsectionȱ3.4ȱabove,ȱ
theȱpreferredȱdepartureȱtimeȱofȱanȱindividualȱtraveller.ȱȱThenȱdevelopingȱ
ideasȱfurther,ȱheȱintroducesȱtheȱnotionȱofȱtheȱsafetyȱmargin,ȱasȱproposedȱbyȱ
Gaverȱ(1968)ȱandȱKnightȱ(1974),ȱandȱestablishesȱaȱrelationshipȱbetweenȱtheȱ
magnitudeȱofȱtheȱsafetyȱmarginȱandȱtheȱdegreeȱofȱriskȱaversion.ȱ
ȱ
4.3ȱTheȱreliabilityȱpremiumȱ
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ȱReturningȱtoȱourȱownȱanalysis,ȱletȱusȱnowȱdevelopȱPrattsȱ(1964)ȱconceptȱofȱ
theȱriskȱpremiumȱinȱtheȱcontextȱofȱtripȱscheduling.ȱȱAsȱaȱprecursor,ȱletȱusȱfirstȱ
introduceȱtheȱconceptȱofȱaȱcertaintyȱequivalent,ȱwhichȱinȱtheȱpresentȱcontextȱ
mayȱbeȱdefinedȱasȱfollows.ȱȱTheȱcertaintyȱequivalentȱrelatingȱtoȱanyȱprospectȱ
ȱisȱtheȱarrivalȱtimeȱSn w na~ ȱthatȱyieldsȱtheȱsameȱutilityȱwithȱcertaintyȱasȱtheȱ
expectedȱutilityȱofȱtheȱprospect.ȱȱInȱCasesȱ1ȱandȱ2ȱofȱtheȱpreviousȱsection,ȱbothȱ
ofȱwhichȱimplyȱriskȱneutrality,ȱutilityȱandȱexpectedȱutilityȱareȱoneȱandȱtheȱ
same,ȱandȱtheȱnotionȱofȱaȱcertaintyȱequivalentȱisȱthereforeȱsomewhatȱ
tautological.ȱȱȱ
ȱ
OfȱratherȱmoreȱinterestȱisȱCaseȱ3,ȱsinceȱitȱcarriesȱaȱpotentialȱforȱriskȱaversion.ȱȱ
Subsequentȱdiscussionȱwillȱrevealȱanȱintuitionȱthat,ȱinȱdevelopingȱtheȱ
certaintyȱequivalentȱforȱCaseȱ3,ȱtheȱcertaintyȱequivalentȱshouldȱbeȱconstrainedȱ
toȱfallȱwithinȱtheȱintervalȱofȱarrivalȱtimesȱdefinedȱbyȱtheȱprospect,ȱi.e.ȱ
jni aaa dd ~ .ȱȱLetȱusȱforȱtheȱmomentȱsimplyȱacceptȱthisȱrequirementȱand,ȱbyȱ
analogyȱtoȱCasesȱ3.1ȱandȱ3.2,ȱdistinguishȱbetweenȱcasesȱwhereȱtheȱcertaintyȱ
equivalentȱfallsȱbeforeȱandȱafterȱtheȱ ,ȱasȱfollows:ȱȱȱPAT
ȱ
Caseȱ3.3:ȱ PATaa ni d ~ ȱ
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Inȱdevelopingȱthisȱcase,ȱletȱusȱestablishȱȬȱbyȱwayȱofȱassertionȱȬȱequivalenceȱ
betweenȱexpectedȱutilityȱandȱtheȱutilityȱderivingȱfromȱtheȱcertaintyȱ
equivalent,ȱi.e.ȱȱ
ȱ
Letȱ    nnnn aPATdaY ~~  ED ,ȱwhereȱ PATaa ni d ~ ȱȱ
ȱ
Rearranging,ȱweȱcanȱthenȱidentifyȱtheȱcertaintyȱequivalent:ȱ
ȱ
 ED
ED

 PATdYa nnn~ ȱ ȱ ȱ ȱ ȱ ȱ ȱ (12)ȱ
ȱ
Caseȱ3.4:ȱ jn aaPAT d ~ ȱ
Nowȱrepeatingȱtheȱsameȱexercise,ȱbutȱforȱaȱcertaintyȱequivalentȱlaterȱthanȱtheȱ
:ȱPAT
ȱ
Letȱ      nnnnn aLPATadaY ~~~ GJD  ȱ
ȱ
whereȱ   1~  naL ȱifȱ   0~ ! PATan ,ȱ 0 ȱotherwise,ȱandȱ jn aaPAT d ~ ȱȱ
ȱ
Rearranging:ȱ
ȱ
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JD
GJD

 nnnn aLPATdYa
~
~ ȱ
ȱ
Noteȱthat,ȱwithȱreferenceȱtoȱearlierȱdiscussionȱinȱsectionȱ3,ȱtheȱdenominatorȱofȱ
theȱcertaintyȱequivalentȱforȱCasesȱ3.3ȱandȱ3.4ȱisȱgivenȱbyȱtheȱslopeȱofȱtheȱ
relevantȱsectionȱofȱtheȱutilityȱfunction.ȱȱWhilstȱtheȱaboveȱworkingȱcarriesȱanȱ
apparentȱclarity,ȱitȱmightȱhoweverȱbeȱcautionedȱthatȱtheȱpropertiesȱofȱtheȱ
functionȱȬȱmoreȱparticularly,ȱitsȱdiscontinuityȱȬȱcarryȱtheȱimplicationȱthatȱanȱ
exactȱcertaintyȱequivalentȱisȱnotȱempiricallyȱguaranteed.ȱȱNevertheless,ȱletȱusȱ
proceedȱtoȱtheȱdefinitionȱofȱtheȱriskȱpremium.ȱ
ȱ
Inȱgeneralȱterms,ȱtheȱriskȱpremiumȱmeasuresȱtheȱindividualsȱwillingnessȬtoȬ
pay,ȱinȱunitsȱofȱtheȱpayȬoff,ȱtoȱavoidȱtheȱriskȱofȱchoosingȱanȱuncertainȱ
prospect.ȱȱOrȱmoreȱsuccinctly,ȱtheȱriskȱpremiumȱmeasuresȱtheȱcostȱofȱriskȱ
bearing.ȱȱApplyingȱtheseȱdefinitionsȱtoȱourȱinterestȱinȱtheȱreliabilityȱofȱarrivalȱ
time,ȱtheȱriskȱpremiumȱȬȱorȱinȱpresentȱparlance,ȱtheȱreliabilityȱpremiumȱȬȱ
measures,ȱforȱaȱgivenȱdepartureȱtime,ȱtheȱdelayȱinȱarrivalȱtimeȱ(withȱitsȱ
consequentȱimpactsȱonȱtravelȱtime,ȱscheduleȱdelayȱearly,ȱscheduleȱdelayȱlateȱ
andȱtheȱlatenessȱdummy)ȱthatȱtheȱindividualȱwouldȱbeȱwillingȬtoȬpayȱinȱ
exchangeȱforȱeliminatingȱtheȱunreliability.ȱȱTheȱreliabilityȱpremiumȱthusȱ
measuresȱtheȱcostsȱborneȱbyȱtheȱtravellerȱthatȱariseȱspecificallyȱfromȱ
unreliabilityȱinȱarrivalȱtime.ȱ
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ȱȱȱ
Nowȱadoptingȱgreaterȱformality,ȱdefineȱtheȱreliabilityȱpremium:ȱ
ȱ
 > 0, @~max nnn aEaK  ȱ ȱ ȱ ȱ ȱ ȱ ȱ (13)ȱ
ȱ
SinceȱtheȱpayȬoffȱisȱinȱthisȱinstanceȱdefinedȱonȱaȱbadȱ(i.e.ȱarrivalȱtime),ȱtheȱ
expectedȱpayȬoffȱmustȱbeȱsubtractedȱfromȱtheȱcertaintyȱequivalentȱinȱorderȱtoȱ
yieldȱtheȱreliabilityȱpremiumȱ .ȱȱNoteȱtheȱrequirementȱonȱtheȱsignȱofȱ ,ȱ
whichȱimpliesȱthatȱaȱnonȬzeroȱreliabilityȱpremiumȱisȱrepresentativeȱofȱriskȱ
averseȱbehaviour.ȱȱTheȱreliabilityȱpremiumȱisȱillustratedȱdiagrammaticallyȱinȱ
Figuresȱ6ȱandȱ7,ȱagainȱwithȱ
nK nK
ED  .ȱȱFigureȱ6ȱconsidersȱanȱexpectedȱlateȱarrival,ȱ
andȱdemonstratesȱthatȱaȱtravellerȱwouldȱyieldȱequalȱutilityȱfromȱtheȱprospectȱ
ȱandȱtheȱcertainȱarrivalȱtimeȱnY na~ ,ȱtherebyȱidentifyingȱtheȱreliabilityȱpremiumȱ
toȱbeȱtheȱdistanceȱ  nn aEa  ~ .  Figureȱ7ȱappliesȱanalogouslyȱtoȱtheȱcaseȱofȱanȱ
expectedȱearlyȱarrival,ȱwithȱsimilarȱresult;ȱtheȱtravellerȱwouldȱbeȱindifferentȱ
betweenȱtheȱprospectȱandȱaȱcertainȱarrivalȱtimeȱjustȱearlyȱofȱtheȱ .ȱȱWhilstȱ
Figuresȱ6ȱandȱ7ȱwouldȱseemȱreasonablyȱclear,ȱtheȱdiscontinuityȱofȱU ȱ
introducesȱsomeȱcomplexities;ȱifȱinȱparticularȱY ȱintersectsȱtheȱverticalȱ
segmentȱofȱU ȱinȱtheȱmannerȱofȱFigureȱ5,ȱthenȱtheȱcertaintyȱequivalentȱmayȱ
fallȱbeforeȱtheȱexpectedȱarrivalȱtime,ȱsuchȱthatȱtheȱriskȱpremiumȱbecomesȱzero
inȱaccordanceȱwithȱ(13
PAT
ȱ
).ȱ
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ȱFigureȱ6:ȱTheȱreliabilityȱpremiumȱofȱanȱexpectedȱlateȱarrival,ȱforȱgivenȱdepartureȱtime,ȱ
withȱ ED  ȱ(ABOUTȱHERE)ȱ
ȱ
Figureȱ7:ȱTheȱreliabilityȱpremiumȱofȱanȱexpectedȱearlyȱarrival,ȱforȱgivenȱdepartureȱ
time,ȱwithȱ ED  ȱ(ABOUTȱHERE)ȱ
ȱ
Ifȱweȱnowȱextendȱdiscussionȱofȱtheȱreliabilityȱpremiumȱtoȱconsiderȱtheȱ
relationȱ DE  ,ȱthenȱitȱisȱapparentȱthatȱfurtherȱcomplexitiesȱarise.ȱȱWithȱ
referenceȱtoȱFigureȱ8,ȱwhichȱomitsȱsomeȱlabellingȱinȱtheȱhopeȱofȱpromotingȱ
clarity,ȱtheȱopposingȱslopesȱofȱtheȱtwoȱsegmentsȱofȱU ȱyieldȱtheȱpairȱofȱ
certaintyȱequivalentsȱ na~ ȱandȱ cna~ .ȱȱItȱmightȱbeȱnotedȱthat,ȱwhereasȱ na~ ȱfallsȱ
withinȱtheȱintervalȱ > @ji aa , ,ȱ ȱdoesȱnot.ȱȱFurthermore,ȱwhilstȱcna~ na~ ȱfallsȱafterȱtheȱ
expectedȱarrivalȱtimeȱandȱthereforeȱyieldsȱtheȱpossibilityȱofȱaȱnonȬzeroȱ
reliabilityȱpremiumȱ(acknowledgingȱagainȱtheȱpossibilityȱofȱaȱzeroȱreliabilityȱ
premiumȱshouldȱY ȱintersectȱtheȱverticalȱsegmentȱofȱU ),ȱ cna~ ȱfallsȱbeforeȱtheȱ
expectedȱarrivalȱtimeȱandȱwillȱneverȱthereforeȱyieldȱaȱnonȬzeroȱreliabilityȱ
premium.ȱȱHence,ȱweȱarriveȱatȱanȱintuitionȱforȱtheȱconstraintȱ jni aaa dd ~ ȱ
introducedȱatȱtheȱoutsetȱofȱthisȱsection.ȱ
ȱ
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Figureȱ8:ȱTheȱreliabilityȱpremiumȱofȱanȱexpectedȱearlyȱarrival,ȱforȱgivenȱdepartureȱ
time,ȱwithȱ DE  ȱ
ȱ
Beforeȱproceeding,ȱitȱisȱusefulȱtoȱdistinguishȱtheȱnotionȱofȱtheȱreliabilityȱ
premiumȱfromȱtheȱaforementionedȱnotionȱofȱtheȱsafetyȱmargin,ȱinȱthatȱeachȱ
derivesȱfromȱaȱdifferentȱreferenceȱpoint.ȱȱWhereasȱtheȱreliabilityȱpremiumȱ
derivesȱfromȱtheȱreferenceȱpointȱofȱtheȱcertaintyȱequivalent,ȱtheȱsafetyȱmarginȱ
derivesȱfromȱtheȱreferenceȱpointȱofȱtheȱ .ȱȱThisȱprovokesȱtheȱimportantȱ
distinctionȱthatȱtheȱsafetyȱmarginȱpertainsȱonlyȱtoȱearlyȱarrivals,ȱwhereasȱtheȱ
reliabilityȱpremiumȱmayȱpertainȱtoȱeitherȱearlyȱ(i.e.ȱFigureȱ7)ȱorȱlateȱ(i.e.ȱ
Figureȱ6)ȱarrivals.ȱȱIndeed,ȱtheȱnecessarilyȱtheoreticalȱdiscussionȱaboveȱmightȱ
beȱembellishedȱwithȱtheȱremarkȱthatȱtheȱreliabilityȱpremiumȱoffersȱrationaleȱ
forȱaȱpracticeȱthatȱisȱwidelyȱappliedȱinȱtheȱpublicȱtransportȱindustry,ȱthus.ȱȱAnȱ
operator,ȱifȱfacedȱwithȱtheȱsituationȱpresentedȱinȱFigureȱ6,ȱcouldȱintroduceȱanȱ
increasedȱjourneyȱtimeȱ(i.e.ȱ
PAT
nn da ~ ,ȱsuchȱthatȱtheȱindividualȱincursȱaȱlateȱ
arrival)ȱandȱstillȱmaintainȱmarketȱshareȱ(i.e.ȱmaintainȱtheȱindividualsȱlevelȱofȱ
utilityȱatȱ ),ȱprovidedȱitȱcouldȱensureȱfullȱreliabilityȱofȱserviceȱ(i.e.ȱmoveȱfromȱ
theȱexpectedȱutilityȱfunctionȱY ȱtoȱtheȱutilityȱfunctionȱ ).ȱ
nY
U
ȱ
4.4ȱReconcilingȱtheȱreliabilityȱpremiumȱwithȱBatesȱetȱal.ȱ
ȱ
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HavingȱintroducedȱtwoȱalternativeȱnotionsȱofȱtheȱvalueȱofȱreliabilityȱȬȱtheȱ
reliabilityȱpremiumȱ(sectionȱ4.3)ȱandȱBatesȱetȱal.sȱ(2001)ȱmarginalȱvaluationsȱ
ofȱtravelȱtimeȱandȱschedulingȱunderȱuncertaintyȱ(sectionȱ4.1)ȱȬȱletȱusȱnowȱseekȱ
toȱreconcileȱthem.ȱȱToȱthisȱend,ȱandȱexploitingȱtheȱanalysisȱofȱtheȱpreviousȱ
section,ȱweȱcanȱreȬexpressȱexpectedȱutilityȱasȱtheȱutilityȱatȱtheȱcertaintyȱ
equivalent:ȱȱ
ȱ
     > @  > @  nnnnnnn aLPATaaPATdaaUY ~0,~max0,~max~~ GJED cccc  ȱ
ȱ
Ifȱtheȱindividualȱtravellerȱisȱriskȱaverseȱthenȱweȱcanȱsubstituteȱforȱ na~ ȱusingȱtheȱ
riskȱpremiumȱ ,ȱthus:ȱnK
ȱ
 > @   > @
  > @   nnnn
nnnnnn
KaELPATKaE
KaEPATdKaEY
cc
cc 
GJ
ED
0,max
0,max ȱȱ ȱ (14)ȱ
ȱ
Shouldȱweȱnowȱintroduceȱtravelȱcostȱtoȱ(14)ȱinȱtheȱmannerȱofȱ(8),ȱthenȱweȱcanȱ
deriveȱaȱfurtherȱsetȱofȱmarginalȱvaluations,ȱbutȱthisȱtimeȱatȱtheȱcertaintyȱ
equivalent.ȱȱForȱexample,ȱletȱusȱderiveȱmarginalȱvaluationȱofȱtravelȱtimeȱatȱtheȱ
certaintyȱequivalent:ȱ
ȱ
Ifȱ 0ˆˆ
0,,
 
 GJErq YY ȱthen:ȱ
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> @  ^ `qrrqrqqr ddaEaEKKcc c  DI ȱ
        > @  qrrqrq qr ddaEaEKK
cc
TVo 
 c I
D ȱ ȱ ȱ (15)ȱ
ȱ ȱ ȱ
MarginalȱvaluationsȱȬȱatȱtheȱcertaintyȱequivalentȱȬȱofȱscheduleȱdelayȱearly,ȱ
scheduleȱdelayȱlateȱandȱtheȱlatenessȱdummyȱareȱmoreȱcomplicated.ȱȱWhilstȱitȱ
isȱreasonableȱtoȱrestrictȱattentionȱtoȱCaseȱ3ȱ(i.e.ȱ ji aPATa  ),ȱrememberingȱ
thatȱtheȱreliabilityȱpremiaȱ ȱandȱ ȱareȱpertinentȱonlyȱtoȱconditionsȱofȱriskȱ
aversion,ȱthisȱdoesȱnotȱconstrainȱtheȱcertaintyȱequivalentsȱ
qK rK
qa
~ ȱandȱ ra~ ȱtoȱfallȱ
eitherȱsideȱofȱtheȱ PAT .ȱȱRatherȱitȱisȱnecessaryȱtoȱdefineȱthreeȱfurtherȱ
possibilities,ȱasȱextensionsȱofȱCasesȱ3.3ȱandȱ3.4,ȱthus:ȱȱ
Caseȱ3.5:ȱ PATaa rq d~,~ ȱ
Caseȱ3.6:ȱ rq aaPAT ~,~d ȱ
Caseȱ3.7:ȱ
rq aPATa ~~  ȱ
ȱ
TableȱIȱdisplaysȱtheȱcompleteȱsetȱofȱmarginalȱvaluationsȱatȱtheȱcertaintyȱ
equivalent,ȱwithȱtheȱfirstȱthreeȱcolumnsȱdiscriminatingȱbyȱtheȱaboveȱthreeȱ
cases.ȱȱOfȱparticularȱinterestȱisȱwhetherȱtheseȱmarginalȱvaluationsȱatȱtheȱ
certaintyȱequivalentȱaccordȱwithȱthoseȱpreviouslyȱderivedȱunderȱuncertainty.ȱȱ
Forȱpurposesȱofȱthisȱcomparison,ȱitȱisȱusefulȱtoȱconsiderȱhowȱ(10)ȱandȱ(A1)ȱtoȱ
(A3)ȱapplyȱtoȱCaseȱ3,ȱandȱtheseȱareȱgivenȱinȱtheȱfinalȱcolumnȱofȱTableȱI.ȱ
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ȱTableȱI:ȱMarginalȱvaluationsȱofȱtravelȱtimeȱandȱschedulingȱunderȱuncertaintyȱandȱatȱ
theȱcertaintyȱequivalentȱ(ABOUTȱHERE)ȱ
ȱ
WithȱreferenceȱtoȱTableȱI,ȱcomparisonȱofȱtheȱmarginalȱvaluationsȱofȱtravelȱ
timeȱunderȱuncertaintyȱandȱatȱtheȱcertaintyȱequivalent,ȱwhichȱareȱgivenȱbyȱ
ID ȱ(i.e.ȱfromȱequationȱ(15))ȱandȱ ID c ȱ(i.e.ȱfromȱequationȱ(10))ȱrespectively,ȱ
revealsȱthatȱtheȱdenominatorsȱofȱtheȱtwoȱvaluationsȱdifferȱbyȱtheȱquantityȱ
 
rq KK  .ȱȱTheseȱvaluationsȱwillȱthereforeȱbeȱequalȱonlyȱifȱ .ȱȱWhilstȱ
theȱlatterȱequalityȱmayȱfeasiblyȱhold,ȱthereȱisȱnoȱaȱprioriȱbasisȱforȱnecessarilyȱ
expectingȱthisȱresult,ȱandȱitȱwouldȱseemȱquiteȱpossibleȱthatȱmarginalȱ
valuationȱofȱtravelȱtimeȱunderȱuncertaintyȱwillȱdifferȱfromȱthatȱatȱtheȱcertaintyȱ
equivalent.ȱ
rq KK  
ȱ
Nowȱconsiderȱmarginalȱvaluationȱofȱtheȱlatenessȱdummy.ȱȱInȱCasesȱ3.5ȱandȱ
3.6,ȱtheȱmarginalȱvaluationsȱunderȱuncertaintyȱandȱatȱtheȱcertaintyȱequivalentȱ
(i.e.ȱ IG ȱandȱ IG c ȱrespectively)ȱwillȱbeȱequalȱifȱ
rq cc  .ȱȱInȱCaseȱ3.7,ȱsimilarȱ
equalityȱwillȱariseȱifȱbothȱ ȱandȱ1 iqp 0 irp .ȱȱNoteȱinȱpassingȱthat,ȱasȱsectionȱ
3.4ȱhasȱalreadyȱconsidered,ȱoneȱwouldȱinȱpracticeȱexpectȱtheȱinequalityȱ
ȱtoȱhold,ȱwhichȱwouldȱbeȱconsistentȱwithȱequalityȱbetweenȱmarginalȱiriq pp !
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valuationsȱofȱtheȱlatenessȱdummyȱunderȱuncertaintyȱandȱatȱtheȱcertaintyȱ
equivalent.ȱ
ȱ
Finally,ȱtheȱmarginalȱvaluationsȱofȱscheduleȱdelayȱearlyȱ  IEIE c, ȱandȱ
scheduleȱdelayȱlateȱ  IJIJ c, ȱshowȱsimilarȱdifferencesȱinȱtheirȱformulaeȱ
whenȱcomparingȱuncertaintyȱwithȱtheȱcertaintyȱequivalent.ȱȱItȱwouldȱhoweverȱ
seemȱmoreȱdifficultȱtoȱpredictȱtheȱoutcomeȱaȱpriori,ȱandȱoneȱmustȱinsteadȱdeferȱ
toȱempiricalȱinvestigation.ȱȱȱ
ȱ
Thatȱnotwithstanding,ȱtheȱprecedingȱtheoreticalȱargumentȱhasȱilluminatedȱtheȱ
possibilityȱthatȱmarginalȱvaluationsȱofȱtravelȱtimeȱandȱschedulingȱatȱtheȱ
certaintyȱequivalentȱwillȱshowȱdiscrepancyȱfromȱtheȱsameȱvaluationsȱunderȱ
uncertainty.ȱȱWhetherȱtheoreticalȱdiscrepancyȱresultsȱinȱempiricalȱdiscrepancyȱ
remainsȱtoȱbeȱseen,ȱandȱthisȱprovokesȱaȱcallȱforȱfutureȱworkȱaddressingȱsuchȱ
matters.ȱȱShouldȱtheȱdiscrepancyȱbeȱconfirmedȱempirically,ȱthenȱitȱcarriesȱ
importantȱinterpretationȱasȱtheȱindividualȱtravellersȱwillingnessȬtoȬpayȱ(nowȱ
inȱmonetaryȱunits)ȱtoȱeliminateȱunreliabilityȱinȱarrivalȱtime.ȱȱForȱexample,ȱtheȱ
quantityȱ  IDID c ȱrepresentsȱtheȱindividualsȱwillingnessȬtoȬpayȱtoȱ
eliminateȱunreliabilityȱinȱarrivalȱtime,ȱspecificallyȱasȱitȱimpactsȱuponȱtravelȱ
time;ȱitȱmightȱthereforeȱbeȱreferredȱtoȱasȱtheȱmarginalȱvaluationȱofȱreliabilityȱ
inȱtravelȱtime.ȱȱSimilarȱinterpretationsȱapplyȱtoȱtheȱotherȱconstituentsȱofȱ
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Smallsȱ(1982)ȱutilityȱfunction;ȱtheȱquantityȱ  IEIE c ȱmightȱbeȱreferredȱtoȱ
asȱtheȱmarginalȱvaluationȱofȱreliabilityȱinȱscheduleȱdelayȱearly,ȱandȱsoȱon.ȱ
ȱ
ȱ
5.ȱTheȱprevalenceȱandȱdistributionȱofȱbenefitsȱfromȱtheȱreliabilityȱpremiumȱ
ȱ
Whilstȱmarginalȱvaluationsȱofȱtravelȱtimeȱandȱschedulingȱunderȱuncertaintyȱ
areȱinȱthemselvesȱperfectlyȱadequateȱforȱpurposesȱofȱforecastingȱindividualȱ
choiceȱunderȱuncertainty,ȱitȱisȱonlyȱthroughȱtheirȱcomparisonȱtoȱmarginalȱ
valuationsȱofȱtravelȱtimeȱandȱschedulingȱatȱtheȱcertaintyȱequivalentȱthatȱtheȱ
effectȱofȱunreliabilityȱinȱarrivalȱtimeȱonȱchoiceȱcanȱbeȱrevealed.ȱȱSuchȱinsightȱ
mightȱusefullyȱinformȱpublicȱtransportȱoperatorsȱasȱtoȱtheȱeffectsȱofȱchangesȱ
inȱreliabilityȱonȱtheȱindividualȱtravellersȱchoiceȱofȱdepartureȱtime.ȱȱMoreȱ
generally,ȱtheȱminimisationȱofȱriskȱmayȱbeȱanȱimportantȱpolicyȱaspiration,ȱandȱ
marginalȱvaluationsȱofȱreliabilityȱcould,ȱtoȱthisȱend,ȱofferȱaȱusefulȱmeansȱofȱ
discriminatingȱbetweenȱalternativeȱinvestmentȱoptions.ȱȱȱȱ
ȱ
Thoughȱintrinsicȱtoȱmarginalȱvaluationsȱofȱreliability,ȱarguablyȱtheȱmoreȱ
significantȱcontributionȱofȱtheȱreliabilityȱpremiumȱisȱtoȱeconomicȱappraisal.ȱȱ
AsȱPearceȱandȱNashȱ(1981)ȱobserve,ȱtheȱprojectedȱbenefitsȱofȱanyȱtransportȱ
schemeȱȬȱwhichȱmayȱincludeȱbenefitsȱfromȱimprovedȱreliabilityȱȬȱshouldȱ
mitigateȱforȱtheȱcostȱofȱinherentȱrisk,ȱandȱfailureȱtoȱdoȱsoȱintroducesȱtheȱ
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possibilityȱofȱbias.ȱȱHenceȱitȱwouldȱseemȱcrucialȱtoȱmakeȱexplicitȱstatementȱofȱ
theȱcostȱofȱunreliabilityȱinȱarrivalȱtimeȱtoȱtheȱindividualȱtravellerȱ(orȱ
equivalently,ȱtheȱbenefitȱofȱeliminatingȱthatȱunreliability),ȱwhichȱforȱanyȱ
prospectȱ ȱisȱgivenȱby:ȱSn w
ȱ
   > @
 > @   > @^ `
 > @   >^ @`
    > @nn
nn
nn
nnn
aELaL
PATaEPATa
aEPATaPAT
aEaKVo
c
c
c
c 
~*
0,max0,~max*
0,max0,~max*
~*
IG
IJ
IE
ID
ȱ ȱ (16)ȱ
ȱ
Notingȱimportantlyȱthatȱtheȱpotentialȱbenefitȱofȱeliminatingȱunreliabilityȱ
manifestsȱonlyȱunderȱcircumstancesȱofȱriskȱaversion,ȱletȱusȱconsiderȱtheȱ
prevalenceȱofȱsuchȱbenefitȱinȱrelationȱtoȱtheȱsameȱthreeȱcasesȱconsideredȱ
earlier.ȱ
ȱ
Caseȱ1:ȱȱ ȱPATaa ji d
Inȱthisȱcase,ȱthereȱwouldȱbeȱnilȱbenefitȱ(i.e.ȱ   0 nKVo ȱinȱ(16))ȱtoȱtheȱtravellerȱ
fromȱtheȱeliminationȱofȱunreliability;ȱthisȱisȱbecauseȱtheȱtravellerȱexhibitsȱriskȱ
neutrality.ȱ
ȱ
Caseȱ2:ȱȱ ji aaPAT d ȱ
ThisȱwouldȱyieldȱtheȱsameȱoutcomeȱasȱCaseȱ1.ȱ
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ȱCaseȱ3:ȱȱ ji aPATa  ȱ
Theȱtravellerȱmightȱorȱmightȱnotȱrealiseȱbenefitȱfromȱtheȱeliminationȱofȱ
unreliability,ȱasȱfollows:ȱ
ȱ
Caseȱ3.1:ȱ ȱ  PATaE n 
Thereȱwouldȱbeȱunambiguousȱbenefitȱ(i.e.ȱ   0!nKVo ),ȱsinceȱtheȱtravellerȱ
exhibitsȱriskȱaversion.ȱ
ȱ
Caseȱ3.2ȱ  naEPAT  ȱ
Theȱprevalenceȱofȱbenefitȱwouldȱdependȱonȱtheȱproximityȱofȱtheȱarrivalȱtimesȱ
ȱandȱ ȱtoȱtheȱ ,ȱandȱtheirȱconsequentȱeffectȱonȱattitudesȱtoȱia ja PAT
unreliability.ȱ
ȱt eȱou
ȱ
Since heȱabov tcomesȱareȱdictatedȱbyȱtheȱrelationȱofȱtheȱarrivalȱtimesȱ ia
andȱ ja ȱtoȱtheȱ PA
ȱ
T ,ȱoneȱcould foreȱexpectȱtheȱprevalenceȱofȱbenefitȱto
varyȱbyȱtheȱdepartureȱtimesȱ Dd n
ȱthere ȱ
 .ȱȱThatȱisȱtoȱsay,ȱoneȱmightȱreasona
expectȱrelativelyȱearlyȱdeparturesȱtoȱpertainȱtoȱCaseȱ1,ȱrelativel
blyȱ
yȱlateȱ
eparturesȱtoȱCaseȱ2,ȱandȱintermediateȱdeparturesȱtoȱCaseȱ3.ȱȱȱd
ȱ
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Itȱshouldȱbeȱemphasised,ȱhowever,ȱthatȱtheȱaboveȱconclusionsȱapplyȱ
specificallyȱtoȱtheȱcaseȱofȱanȱindividualȱtraveller.ȱȱIf,ȱasȱisȱmoreȱcommon
practice,ȱoneȱisȱinterestedȱinȱaȱsampleȱofȱtravellers, ȱtheȱusersȱofȱaȱ
particularȱpublicȱtransportȱdeparture,ȱthenȱtheȱsampleȱwouldȱtypicallyȱ
demonstrateȱsomeȱheterogeneityȱinȱrespectȱofȱtheȱ PAT .ȱȱTheȱimplicationȱ
followsȱthat,ȱforȱanyȱimprovementȱinȱtheȱreliabilityȱofȱarrivalȱtimeȱforȱthatȱ
service,ȱsomeȱusersȱmightȱrealiseȱaȱbenefitȱfromȱthatȱimprovement,ȱwhilstȱ
othersȱmightȱnot.ȱȱTheȱtotalȱbenefitȱtoȱtheȱsampleȱwouldȱthereforeȱdependȱon
theȱnumberȱofȱbeneficiaries,ȱandȱtheirȱindividualȱvaluationsȱofȱtheȱreliability
premium.ȱȱWithȱreferenceȱtoȱ(2),ȱinterestȱinȱaȱsampleȱofȱindividualsȱisȱoften
developedȱthroughȱaȱreȬinterpretationȱofȱRUM,ȱwithȱrepetitionsȱbecomi
individuals,ȱandȱprobabilitiesȱofȱchoiceȱderivingȱfromȱdifferencesȱinȱtheȱ
preferencesȱofȱindividualsȱacrossȱtheȱsample.ȱȱIrrespectiveȱofȱwhetherȱitȱ
derivesȱfromȱintraȬindividualȱorȱinterȬindividualȱvariabilityȱinȱpreferences,ȱ
extensionȱofȱtheȱreliabilityȱpremiumȱtoȱaccommodateȱRUMȱwouldȱgiveȱriseȱto
ȱinȱ
ȱsay
ȱ
ȱ
ȱ
ngȱ
ȱ
istributedȱmarginalȱvaluationsȱofȱtravelȱtimeȱandȱscheduling,ȱasȱwellȱasȱtoȱ
ng.ȱ
d
distributedȱmarginalȱvaluationsȱofȱreliabilityȱinȱtravelȱtimeȱandȱscheduli
ȱ
Asideȱfromȱtheȱmatterȱofȱaggregation,ȱaȱfurtherȱrestrictionȱofȱtheȱaboveȱ
analysisȱisȱtoȱaȱbinaryȱsubsetȱofȱarrivalȱtimes,ȱandȱitȱisȱappropriateȱtoȱ
acknowledgeȱthatȱtheȱclarityȱofȱCaseȱ3ȱbecomesȱcompromisedȱonceȱtheȱsetȱofȱ
arrivalȱtimesȱisȱextendedȱbeyondȱtheȱbinary.ȱȱInȱsuchȱcircumstances,ȱtheȱ
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relationȱbetweenȱtheȱutilityȱofȱtheȱexpectedȱarrivalȱtimeȱandȱexpectedȱutilityȱ
remainsȱpertinentȱbutȱmustȱbeȱrevealedȱempirically.ȱȱThatȱsaid,ȱandȱwi
referenceȱtoȱtheȱaspirationsȱoutlinedȱinȱtheȱintroductionȱtoȱthisȱpaper,ȱitȱmig
beȱarguedȱthatȱaȱbinaryȱsubsetȱofȱarrivalȱtimesȱwouldȱbringȱappealingȱ
convenienceȱtoȱSPȱanalysisȱofȱtheȱreliabilityȱpremium.ȱȱInȱshort,ȱtheȱb
thȱ
htȱ
inaryȱ
aseȱisȱfarȱfromȱabstract.ȱȱInȱcontrastȱtoȱCaseȱ3,ȱtheȱunambiguousȱresultsȱofȱ
asesȱ1ȱandȱ2ȱreadilyȱextendȱtoȱtrinomialȱorȱlargerȱarrivalȱtimeȱsets.ȱ
ȱbyȱ
men esȱ
am),ȱinȱin
c
C
ȱ
ȱ
6.ȱWorkedȱexampleȱofȱtheȱreliabilityȱpremiumȱ
ȱ
Letȱusȱnowȱillustrateȱtheȱtheoreticalȱexpositionȱofȱtheȱreliabilityȱpremium
meansȱofȱaȱworkedȱexample,ȱnotingȱthatȱweȱwillȱrestrictȱattentionȱtoȱaȱsingleȱ
individualȱandȱthereforeȱavoidȱtheȱcomplicationsȱofȱaggregationȱjustȱ
tioned.ȱȱWithȱreferenceȱtoȱTableȱII,ȱwhichȱquantifiesȱallȱtimesȱinȱminut
afterȱmidnight,ȱconsiderȱaȱoneȬwayȱcommuteȱwithȱaȱdepartureȱtimeȱprofileȱofȱ
420 ȱ(i.e.ȱ7:00am)ȱtoȱ 495 ȱ(i.e.ȱ8:15 crementsȱofȱ5ȱminutes.ȱȱArrivalȱ
timesȱareȱsimilarlyȱdefinedȱinȱincrementsȱofȱ5ȱminutes,ȱandȱrevealȱaȱminimumȱ
journeyȱtimeȱofȱ30ȱminutesȱ(i.e.ȱ 450min  a ).ȱȱThisȱcouldȱbeȱrepresentativeȱofȱaȱ
highȬfrequencyȱscheduledȱpublicȱtransportȱservice;ȱalternatively,ȱitȱcouldȱbeȱa
discreteȱapproximationȱtoȱaȱcarȬbasedȱjourney.ȱȱTheȱbodyȱofȱtheȱtableȱd
theȱeventȱprobabilitiesȱbyȱdepartureȱandȱarrivalȱtimes.ȱȱItȱmightȱbeȱobserved
ȱ
isplaysȱ
ȱ
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thatȱtheȱsubsetȱofȱarrivalȱtimesȱvariesȱbyȱdepartureȱtime,ȱandȱcontainsȱ
betweenȱtwoȱandȱfiveȱpossibleȱarrivals.ȱȱSinceȱtheȱproblemȱisȱmoreȱgeneralȱ
anȱtheȱbinaryȱsubsetȱofȱarrivalȱtimesȱconsideredȱabove,ȱanalysisȱofȱCaseȱ3ȱ
ȱ
eȱthe ȱp
expectedȱutilityȱgivenȱ ȱ(4)ȱandȱ(6 ectively. ateȱth
th
mustȱthereforeȱdeferȱtoȱtheȱempiricalȱresultsȱthatȱfollow.ȱ
ȱ
TableȱII:ȱPayȬoffȱmatrixȱforȱworkedȱexampleȱ(ABOUTȱHERE)ȱ
ȱ
Inȱfocussingȱonȱtheȱreliabilityȱpremium,ȱitȱisȱunnecessaryȱtoȱexplicitlyȱconsider
travelȱcost,ȱandȱw refore roceedȱwithȱtheȱformulationsȱofȱutilityȱandȱ
by )ȱresp ȱȱLetȱusȱpopul eseȱwithȱ
theȱestimatesȱofȱ JED ,, ȱandȱG ȱfromȱModelȱ(1)ȱofȱSmallȱ(1982),ȱspecificallyȱ
106.0 D ,ȱ 065.0 E ,ȱ 254.0 J ȱandȱ 58.0 G ,ȱnotingȱthatȱ ED  .ȱȱLet
assumeȱalsoȱthatȱ 525 PAT ȱ(i.e.ȱ8:45am).ȱȱFigureȱ9ȱplotsȱtheȱvariousȱattribu
ofȱexpectedȱutilityȱȬȱexpectedȱtravelȱtime,ȱexpectedȱscheduleȱdelayȱearly,ȱ
expectedȱscheduleȱdelayȱlate,ȱandȱtheȱexpectedȱlatenessȱdummyȱȬȱagainstȱ
expectedȱarrivalȱtime.ȱȱTheȱpropertiesȱof isȱfigure
ȱusȱ
tesȱ
ȱaccordȱwith ȱofȱ
literature,ȱforȱexampleȱFigureȱ2ȱofȱBatesȱetȱal.ȱ(ȱ
igureȱ9:ȱExpectedȱtravelȱtime,ȱSDE,ȱSDLȱandȱlatenessȱdummyȱvs.ȱexpectedȱarrivalȱ
timeȱ(ABOUTȱHERE)ȱ
ȱth ȱthose
previousȱpresentationsȱinȱtheȱ
2001),ȱandȱconfirmȱtheȱpositionȱofȱtheȱ PAT ȱatȱ525.ȱ
ȱ
F
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ȱFigureȱ10ȱplots,ȱforȱeac rtureȱtime,ȱexpectedȱutilityȱY ȱandȱutilityȱ
expectedȱarrivalȱtimeȱ   aEU .ȱȱItȱmightȱbeȱremarkedȱthatȱmanyȱofȱtheȱ
departureȱtimesȱareȱinferior,ȱinȱthatȱtheirȱmaximumȱutilityȱfallsȱshortȱofȱtheȱ
minimumȱutilityȱofȱotherȱdepartures.ȱȱOnȱthisȱbasis,ȱweȱcanȱrestrictȱatt
toȱdepartureȱtimesȱinȱtheȱrangeȱ450ȱtoȱ475.ȱȱIndeedȱexpectedȱutilityȱisȱ
maxi ithinȱthisȱrange,ȱspecificallyȱatȱ465.ȱȱComparingȱtheȱplotsȱ
andȱ   aEU ,ȱitȱcanȱbeȱobservedȱthatȱexpectedȱutilityȱandȱutilityȱofȱtheȱ
expectedȱarrivalȱtimeȱcoincideȱforȱtheȱvastȱmajorityȱofȱdepartureȱtimes;ȱthe
departuresȱpertainȱtoȱCasesȱ1ȱandȱ2ȱ(i.e.ȱtheirȱrespectiveȱarrivalȱtimesȱfallȱ
eitherȱalwaysȱbeforeȱorȱalwaysȱafterȱtheȱ PA
hȱdepa ofȱtheȱ
entionȱ
misedȱw of
seȱ
ȱY ȱ
T ).ȱȱByȱcontrast,ȱtheȱtwoȱplotsȱ
divergeȱforȱtheȱ465,ȱ470ȱandȱ475ȱdepartures,ȱea ȱwhichȱpertainsȱtoȱCa
(i.e.ȱtheirȱrespectiveȱarrivalȱtimesȱstraddleȱtheȱ PA
chȱof seȱ3ȱ
T ).ȱȱMoreȱspecifically,ȱ
expectedȱutilityȱisȱlessȱthanȱtheȱutilityȱofȱtheȱexpectedȱarrivalȱtimeȱforȱtheȱ465ȱ
andȱ470ȱdepartures,ȱwhereasȱtheȱreverseȱappliesȱforȱtheȱ475ȱdeparture
withȱreferenceȱtoȱtheȱdiscussionȱofȱsectionȱ4.2,ȱitȱmayȱbeȱseenȱthatȱtheȱ
preferredȱdepartureȱti
.ȱȱHenceȱ
meȱofȱ465ȱisȱrelativelyȱriskyȱinȱcomparisonȱtoȱotherȱ
vailableȱdepartures.ȱ
dȱutilityȱandȱutilityȱofȱexpectedȱarrivalȱtime,ȱbyȱdepartureȱtimeȱ
BOUTȱHERE)ȱ
a
ȱ
Figureȱ10:ȱExpecte
(A
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ȱFinally,ȱletȱusȱconsiderȱanȱexampleȱofȱtheȱreliabilityȱpremium,ȱtakingȱtheȱ
particularȱcaseȱofȱtheȱ465ȱdepartureȱ(sinceȱthisȱdepartureȱisȱcharacterisedȱbyȱ
riskȱaversion).ȱȱTheȱempiricalȱutilityȱfunctionȱforȱthisȱdepartureȱisȱshow
Figureȱ11;ȱthisȱfollowsȱtheȱcharacteristicȱshapeȱofȱtheȱtheoreticalȱutilityȱ
tionsȱin resȱ1ȱandȱ3ȱtoȱ7,ȱwithȱdistinctȱsectionsȱbeforeȱandȱafterȱtheȱ
PA
nȱinȱ
func ȱFigu
T ,ȱandȱ ED  .ȱȱTheȱempiricalȱexpectedȱutilityȱfunction,ȱbyȱcontrast,ȱcannotȱ
beȱshownȱinȱtheȱmannerȱofȱtheȱtheoreticalȱexamples,ȱsinceȱweȱhaveȱexpand
theȱsetȱofȱarrivalȱtimesȱbeyondȱtheȱbinary.ȱȱSufficeȱtoȱsay,ȱthe ar
edȱ
ȱ rivalȱtimeȱ
owȱ fromȱ510ȱtoȱ530,ȱhenceȱtheȱpointsȱlabelled ȱ
igureȱ11:ȱUtilityȱandȱexpectedȱutilityȱfunctionsȱfor
wind extendsȱ ȱY .
ȱ
F ȱ 465 d ȱ(ABOUTȱHERE)ȱ
Forȱtheȱ465ȱdep alȱtimeȱ(11),ȱ
ȱ
arture,ȱweȱcanȱcalculateȱtheȱexpectedȱarriv givingȱ
  25.515465  aE ,ȱandȱtheȱcertaintyȱequivalentȱ(12),ȱgivingȱ 90.517~465  a
bilityȱpremiumȱ(13),ȱweȱcanȱcalculateȱ
  65.2
.ȱȱThenȱ
toȱtheȱreliaapplyingȱtheseȱ
~
465465465   aEaK ,ȱsuchȱthatȱaȱcertainȱarrivalȱtimeȱ2.65ȱminutesȱlater
thanȱtheȱexpectedȱarrivalȱtimeȱwouldȱyieldȱtheȱsameȱutilityȱasȱtheȱexpectedȱ
utilityȱofȱtheȱprospect.ȱȱFinall
ȱ
y,ȱtheȱvalueȱofȱthisȱreliabilityȱpremiumȱis,ȱwithȱ
eferenceȱtoȱ(16),ȱgivenȱby:ȱȱȱ
ȱ
r
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 65.2465 u»¼
º«¬
ª cc I
EDKVo ȱ
ȱ
Contrastȱthisȱwithȱtheȱ460ȱdeparture,ȱwhereȱ   460460 aEUY  ȱand ȱȱ
Henceȱeliminationȱofȱunreliabilityȱinȱarrivalȱtimeȱwouldȱforȱtheȱ465ȱdepartureȱ
(i.e.ȱCaseȱ3)ȱyieldȱanȱadditionalȱbenefitȱtoȱtheȱindividual,ȱbutȱthereȱisȱnoȱ
possibilityȱofȱsimilarȱbenefitȱforȱtheȱ460ȱdepartureȱ(i.e.ȱCaseȱ1).ȱ
ȱ
ȱ
7.ȱSummaryȱandȱconclusionȱ
ȱ
Unreliabilityȱisȱendemicȱinȱmanyȱtransportȱsystems,ȱandȱthisȱstimulatesȱ
interestȱinȱwhetherȱandȱhowȱunreliabilityȱimpactsȱuponȱtheȱchoicesȱofȱ
travellers.ȱȱTheȱpaperȱpursuedȱspecificȱinterestȱinȱtheȱeffectȱofȱunreliabilityȱinȱ
arrivalȱtimeȱonȱschedulingȱchoice.ȱȱFollowingȱtheȱprecedentȱofȱNolandȱ&ȱ
Smallȱ(1995)ȱandȱBatesȱetȱal.ȱ(2001),ȱthisȱwasȱdevelopedȱthroughȱtheȱmarriageȱ
ofȱSmallsȱ(1982)ȱutilityȱfunctionȱwithȱvonȱNeumannȱ&ȱMorgensternsȱ(1947)ȱ
theoryȱofȱindividualȱchoiceȱunderȱuncertainty.ȱȱArisingȱfromȱtheȱlatterȱunionȱ
isȱtheȱpropositionȱthatȱunreliabilityȱimposesȱdisutilityȱonȱtheȱtraveller.ȱȱHenceȱ
theȱpotentialȱforȱbenefitȱshouldȱunreliabilityȱbeȱreducedȱorȱindeedȱeliminated.ȱ
ȱ
ȱ    0460  KVo .
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Inȱcontrastȱtoȱtheȱprecedentȱworksȱonȱreliability,ȱtheȱpresentȱpaperȱadop
discreteȱrepresentationȱofȱtime,ȱmotivatedȱinȱparticularȱbyȱaȱdesireȱto
implementationȱwithinȱtheȱapparatusȱofȱRUMȱandȱSP.ȱȱTheȱsubstantiveȱ
contributionȱofȱtheȱpaper,ȱhowever,ȱwasȱtheȱscopeȱofȱtheȱtheoreticalȱ
exposition,ȱwhichȱofferedȱsignificantȱextensionsȱbeyondȱtheȱextantȱreliabilit
literature.ȱȱWithȱreferenceȱtoȱtheȱtheoreticalȱliteratureȱonȱattitudesȱtoȱriskȱ(e.g.
Pratt,ȱ1964;ȱArrow,ȱ1970),ȱtheȱpaperȱconsideredȱtheȱimplicationsȱofȱSmalls
utilityȱfunctionȱforȱtravellersȱattitudesȱtoȱunreliabilityȱinȱarrivalȱtime,ȱand
particularȱidentifiedȱcircumstancesȱunderȱwhichȱtravellersȱwouldȱbeȱriskȱ
averse.ȱȱInȱresponseȱtoȱtheȱlatterȱobservation,ȱandȱdrawingȱanalogyȱwithȱ
Prattsȱ(1964)ȱconceptȱofȱtheȱriskȱpremium,ȱtheȱpaperȱintroducedȱtheȱnotionȱ
theȱreliabilityȱpremium.ȱȱThisȱmeasures
tedȱaȱ
ȱpromoteȱ
yȱ
ȱ
ȱ
ȱinȱ
ofȱ
,ȱforȱaȱgivenȱdepartureȱtime,ȱtheȱdelayȱ
ȱarrivalȱtimeȱthatȱtheȱindividualȱwouldȱbeȱwillingȬtoȬpayȱinȱexchangeȱforȱ
layȱ
,ȱtheȱ
in
eliminatingȱunreliabilityȱinȱarrivalȱtime.ȱ
ȱ
Theȱpaperȱthenȱsoughtȱtoȱreconcileȱthisȱconsiderationȱofȱattitudesȱtoȱriskȱwithȱ
Batesȱetȱal.sȱ(2001)ȱmarginalȱvaluationsȱofȱtravelȱtimeȱandȱschedulingȱunderȱ
uncertainty.ȱȱTheȱlatterȱariseȱfromȱtheȱpropositionȱthatȱanȱindividualȱtravellerȱ
would,ȱinȱchoosingȱbetweenȱprospects,ȱbeȱwillingȱtoȱexchangeȱtravelȱcostȱforȱ
expectedȱtravelȱtime,ȱexpectedȱscheduleȱdelayȱearly,ȱexpectedȱscheduleȱde
late,ȱandȱtheȱprobabilityȱofȱlateȱarrival.ȱȱExploitingȱtheȱreliabilityȱpremium
paperȱestablishedȱaȱbasisȱforȱcomparisonȱbetweenȱmarginalȱvaluationsȱofȱ
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travelȱtimeȱandȱschedulingȱunderȱuncertainty,ȱandȱanalogousȱvaluationsȱ
derivedȱatȱtheȱcertaintyȱequivalent.ȱȱThisȱcomparisonȱrevealedȱtheȱtheor
possibilityȱthatȱtheȱtwoȱsetsȱofȱvaluationsȱmightȱshowȱdiscrepancy.ȱȱShouldȱ
thisȱtheoreticalȱdiscrepancyȱmanifestȱinȱ
eticalȱ
empiricalȱdiscrepancyȱȬȱwhichȱ
emainsȱtoȱbeȱseenȱȬȱthenȱitȱcarriesȱimportantȱinterpretationȱasȱtheȱmarginalȱ
yȱ
kȱ
tedȱ
rȱ
ceȱ
Thusȱ
rȱanyȱparticularȱdepartureȱtime,ȱanȱimprovementȱinȱtheȱreliabilityȱofȱarrivalȱ
meȱmightȱyieldȱbenefitȱforȱsomeȱtravellersȱbutȱnoȱbenefitȱforȱothers.ȱ
r
valuationȱofȱreliabilityȱinȱarrivalȱtime.ȱȱȱ
ȱ
Whilstȱmarginalȱvaluationsȱofȱtravelȱtimeȱandȱschedulingȱunderȱuncertaint
areȱadequateȱforȱdemandȱforecasting,ȱeconomicȱappraisalȱshouldȱmitigateȱtheȱ
projectedȱbenefitsȱofȱaȱschemeȱagainstȱtheȱcostsȱofȱriskȱbearing,ȱandȱthisȱisȱ
whereȱtheȱreliabilityȱpremiumȱbecomesȱpertinent.ȱȱItȱisȱcrucialȱtoȱacknowledgeȱ
thatȱreliabilityȱbenefitsȱariseȱonlyȱunderȱtheȱparticularȱcircumstancesȱofȱris
aversion,ȱandȱthatȱriskȱaversionȱis,ȱinȱtheȱtermsȱofȱtheȱutilityȱfunction,ȱdicta
byȱtheȱrelationȱofȱtheȱpossibleȱarrivalȱtimesȱtoȱtheȱpreferredȱarrivalȱtime.ȱȱ
Moreover,ȱtheȱprevalenceȱofȱbenefitȱwillȱlikelyȱvaryȱbyȱdepartureȱtimeȱfo
givenȱpreferredȱarrivalȱtime.ȱȱThisȱassumesȱaȱsingleȱindividualȱhowever;ȱon
theȱanalysisȱisȱextendedȱtoȱaȱsampleȱofȱindividuals,ȱtheȱoutcomeȱwillȱbeȱ
complicatedȱbyȱheterogeneityȱinȱtheȱpreferredȱarrivalȱtimeȱand,ȱitȱfollows,ȱ
heterogeneityȱinȱtheȱprevalenceȱandȱmagnitudeȱofȱreliabilityȱbenefits.ȱȱ
fo
ti
ȱ
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AppendixȱA:ȱDerivationȱofȱ   SDEEVo ,ȱ   SDLEVo ȱandȱ   LEVo ȱ
ȱ
Ifȱ 0ˆˆ
0,,
 
 GJDrq YY ȱthen:ȱ ȱ ȱ ȱ ȱ ȱ ȱ (A1)ȱ
      SDEpp ccSDEEVo iqir qr '
  I
E ȱȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱ
Ifȱ 0ˆˆ
0,,
 
 GEDrq YY ȱthen:ȱ ȱ ȱ ȱ ȱ ȱ ȱ (A2)ȱ
      SDLpp ccSDLEVo iqir qr '
  I
J ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱ
Ifȱ 0ˆˆ
0,,
 
 JEDrq YY ȱthen:ȱ ȱ ȱ ȱ ȱ ȱ ȱ (A3)ȱ
      Lpp ccLEVo iqir qr '
  I
G ȱ ȱ ȱ ȱ ȱ ȱ ȱ
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Figureȱ1:ȱSmallsȱutilityȱfunction,ȱforȱgivenȱdepartureȱtime,ȱwithȱ ED  ȱȱ
arrival time
utility
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Figureȱ2:ȱSmallsȱutilityȱfunction,ȱforȱgivenȱdepartureȱtime,ȱwithȱ DE  ȱ
arrival time
utility
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Figureȱ3:ȱUtilityȱandȱexpectedȱutilityȱfunctions,ȱforȱgivenȱdepartureȱtime,ȱwithȱ ED  ȱ
arrival time
utility
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Figureȱ4:ȱChoiceȱbetweenȱdepartureȱtimes,ȱwithȱ ED  ȱ
arrival time
utility
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Figureȱ5:ȱUtilityȱandȱexpectedȱutilityȱfunctions,ȱforȱgivenȱdepartureȱtime,ȱwithȱ ED  ȱ
arrival time
utility
PAT
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Figureȱ6:ȱTheȱreliabilityȱpremiumȱofȱanȱexpectedȱlateȱarrival,ȱforȱgivenȱdepartureȱtime,ȱ
withȱ ED  ȱ
arrival time
utility
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Figureȱ7:ȱTheȱ reliabilityȱpremiumȱ ofȱ anȱ expectedȱ earlyȱ arrival,ȱ forȱgivenȱdepartureȱ
time,ȱwithȱ ED  ȱ
arrival time
utility
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Figureȱ8:ȱTheȱ reliabilityȱpremiumȱ ofȱ anȱ expectedȱ earlyȱ arrival,ȱ forȱgivenȱdepartureȱ
time,ȱwithȱ DE  ȱ
arrival time
utility
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Figureȱ9:ȱExpectedȱtravelȱtime,ȱSDE,ȱSDLȱandȱlateȱpenaltyȱvs.ȱexpectedȱarrivalȱtimeȱ
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Figureȱ10:ȱExpectedȱutilityȱandȱutilityȱofȱexpectedȱarrivalȱtime,ȱbyȱdepartureȱtimeȱ
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465Figureȱ11:ȱUtilityȱandȱexpectedȱutilityȱfunctionsȱforȱ
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ȱTableȱI:ȱMarginalȱvaluationsȱofȱtravelȱtimeȱandȱschedulingȱunderȱuncertaintyȱandȱatȱtheȱcertaintyȱequivalentȱ
CERTAINTYȱEQUIVALENTȱ UNCERTAINTYȱ
ȱ Caseȱ3.5:ȱ
PATaa rq ~,~ ȱ
Caseȱ3.6:ȱ
rq aaPAT ~,~ ȱ
Caseȱ3.7:ȱ
rq aPATa ~~  ȱ
Caseȱ3:ȱ
ji aPATa  ȱ
ȱ
I
D c ȱ       > @  qrrqrq qr ddaEaEKK
cc

 ȱ     > @  qrrq qr ddaEaE
cc


I
D
I
E c ȱ       > @qrqr qr aEaEKK
cc

 ȱ 0ȱ    qq qr aEKPAT
cc

 ȱ    > @iiriq qr aPATpp
cc


 I
E
I
J c ȱ 0ȱ       > @rqrq qr aEaEKK
cc

  
  PATaEK
cc
rr
rq

 ȱ    > @PATapp cc jiqir qr 

 I
J
 
I
G c
 0ȱ 0ȱ  rq cc  ȱ   iqir qr pp
cc


 I
G
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TableȱII:ȱPayȬoffȱmatrixȱforȱworkedȱexampleȱ
ȱ
a a a a a a a a a a a a a a a a a a a a a a
450.00 455.00 460.00 465.00 470.00 475.00 480.00 485.00 490.00 495.00 500.00 505.00 510.00 515.00 520.00 525.00 530.00 535.00 540.00 545.00 550.00 555.00
d 420.00 0.90 0.10
d 425.00 0.85 0.10 0.05
d 430.00 0.60 0.30 0.10
d 435.00 0.20 0.50 0.20 0.10
d 440.00 0.30 0.50 0.15 0.05
d 445.00 0.20 0.60 0.10 0.10
d 450.00 0.05 0.50 0.30 0.15
d 455.00 0.20 0.50 0.20 0.10
d 460.00 0.10 0.70 0.10 0.10
d 465.00 0.30 0.50 0.10 0.05 0.05
d 470.00 0.05 0.60 0.20 0.10 0.05
d 475.00 0.60 0.20 0.10 0.10
d 480.00 0.30 0.50 0.10 0.10
d 485.00 0.50 0.30 0.10 0.10
d 490.00 0.60 0.20 0.20
d 495.00 0.50 0.30 0.10 0.10
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